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ABSTRACT 
 
 The adaptive immune system is responsible for an antigen-specific response that 
is stronger and faster with each subsequent infection. The hallmarks of this response are 
the B cell and the T cell, which are responsible for recognizing foreign antigens through 
their highly diverse receptors: the immunoglobulin (Ig) and T cell receptor (TR). These 
receptors have been studied in many mammalian species, however there are still gaps in 
our knowledge throughout mammalian evolution. Two eutherian sister superorders, 
Afrotheria and Xenarthra, have been neglected in this field of research. Therefore, we 
chose to characterize the adaptive immune receptor genes of the Florida manatee 
(Trichechus manatus latirostris), the only afrotherian species that inhabits the United 
States. We annotated the adaptive immune receptor loci in the genomic scaffolds of the 
Florida manatee genome and sequenced expressed transcripts using PacBio SMRT 
sequencing. 
In the IgH locus, we found limited IgHV diversity. The IgHV segments were 
limited in number and sequence diversity; the Florida manatee lacked clan III IgHV 
segments, which are conserved throughout most mammals. The loss of clan III IgHV 
consistently correlated to a decrease in the number of functional IgHV in cattle, sheep, 
and horse. This shared phenomenon in an evolutionarily distinct species highlighted the 
role of the clan III IgHV segments in maintaining locus diversity.  
Overall, the three TR loci had average to above average diversity.  We separated 
the Florida manatee TRV segments into subgroups based on 75% nucleotide identity and 
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identified conserved subgroups and subgroup order compared to the human TR loci. We 
identified a direct correlation between locus complexity, TRV sequence conservation, 
and locus synteny. This revealed the magnitude of overall maintenance of each TR locus 
across two divergent eutherian mammals for the first time. It also emphasized the role of 
locus organization on gene evolution. 
By including this understudied eutherian superorder into the analysis of these 
complex genes, we identified new evolutionary patterns that help us understand the 
factors that shaped our immune response. 
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NOMENCLATURE 
 
AID activation induced cytidine deaminase 
BCR   B cell receptor 
CALT   conjunctiva-associated lymphoid tissue 
CDR   complementarity determining region 
ChIP   Chromosome immunoprecipitation 
CP   connecting peptide 
CRISPR  clustered regularly interspaced short palindromic repeats 
CSR   class switch recombination 
CSS   cold stress syndrome 
DBHL   monooxygenase DBH-like 2 
DSCAM  Down syndrome cell adhesion molecule 
EPHB6  ephrin type-b receptor 6 
FR   framework region 
FW   framework region 
IFN   interferon 
Ig   immunoglobulin 
IgH   immunoglobulin heavy chain 
IgL   immunoglobulin light chain 
IgSF   immunoglobulin superfamily domain 
IL   interleukin 
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IMGT   ImMunoGeneTics 
iNKT   invariant natural killer T cell 
LPS   lipopolysaccharide  
LRR   leucine-rich repeat 
MAIT   mucosa-associated invariant T cell 
MALT   mucosa-associated lymphoid tissue 
MHC   major histocompatibility complex 
mtDNA  mitochondrial DNA 
NAR-TCR  novel antigen receptor-T cell receptor 
NK   natural killer cell 
ORF   open reading frame 
PBL   peripheral blood leukocyte 
RAG   recombination activating gene 
RSS   recombination signal sequence 
SB   synteny block 
SHM   somatic hypermutation 
SMRT   single molecule, real time 
SNP   single nucleotide polymorphism 
TAE   tris/acetic acid/EDTA 
TdT   terminal deoxynucleotidyl transferase 
TLR   toll-like receptor 
TmHV1  Trichechid Herpesvirus 1 
x 
TmPV1 Florida manatee papilloma virus 
TNF tumor necrosis factor 
TR T cell receptor 
TRY trypsinogen 
VH V heavy chain 
VHD V heavy chain delta 
VLR  variable lymphocyte receptor 
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CHAPTER I  
INTRODUCTION AND LITERATURE REVIEW 
 
1.1. The immune system 
1.1.1. Innate vs. adaptive 
The immune system is an organism’s defense system against invading pathogens. 
Although it takes on many forms across evolution, the ultimate goal is the same: 
recognize dangerous foreign material, target effectors to the foreign material, and 
eliminate the foreign threat.  
An immune response can be categorized as either innate or adaptive. An innate 
immune response is an immediate, non-specific reaction to anything foreign and 
dangerous. This response can range from physical mucus barriers and antimicrobial 
defensins to inflammation and the complement cascade. These responses target general 
motifs from bacteria and viruses, such as lipopolysaccharide (LPS) and glycoproteins, 
however they cannot differentiate between specific pathogens and the response is the 
same for every repeated interaction with that pathogen. This is contrasted by the strength 
of the adaptive immune response, where a delayed but antigen-specific response is 
remembered so that the next encounter with that pathogen is met with a stronger, faster 
response. The repertoire of antigen binding specificity is achieved through various 
receptor-diversifying genetic mechanisms throughout evolution. There are components 
of the innate immune system that have ancient origins and are conserved in many taxa 
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(Satake and Sasaki 2010). However, there are several distinct versions of adaptive 
immunity that have developed in certain radiations of evolution (Flajnik 2018).  
Although bacteria do not have the capacity for a complex, multi-cellular immune 
response, they have a unique mechanism for fighting bacteriophages using clustered 
regularly interspaced short palindromic repeats (CRISPR). This system inserts viral 
DNA into the bacterial genome to produce bacterial RNA that is complementary to the 
viral DNA (Makarova et al. 2006, Mojica et al. 2005). These RNAs are targeted by Cas 
proteins, which then cut the viral DNA to prevent further transmission (Barrangou et al. 
2007). This mechanism allows bacteria to specifically target certain viruses and it has a 
memory component for subsequent infections. Another kind of adaptive immune system 
arose in insects, which utilizes the Down syndrome cell adhesion molecule (DSCAM). 
In humans, DSCAM is used as a self-avoidance mechanism for neurons during 
arborization and growth to avoid clumping (Hattori et al. 2008, Huang et al. 2011). In 
insects, four of the exons have cassettes of alternative exons that are recombined by 
mutually exclusive alternative splicing (Schmucker et al. 2000, Wojtowicz et al. 2004). 
This creates up to 38,016 different isoforms of this receptor that have different binding 
specificity. These proteins are involved in targeting pathogens for phagocytosis (Dong et 
al. 2006). While there is no question about antigen-specificity, DSCAM may not meet 
the memory requirement for the “adaptive” classification. However, arthropods can be 
“immunized”, but the mechanism for memory is not yet known (Lin et al. 2013).  
While the adaptive immune system has sparse distribution of well-defined 
examples across evolution to this point, this changes with vertebrates. All vertebrates 
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have one of two different adaptive immune systems. Jawless vertebrates, such as hagfish 
and lampreys, use variable lymphocyte receptors (VLR). These immune receptors 
contain leucine-rich repeat (LRR) domains and can be either membrane bound or 
secreted by lymphocyte-like cells (Guo et al. 2009, Pancer et al. 2004). These receptors 
create antigen binding diversity through a gene conversion-like process that inserts 
LRRs from cassettes into the receptor gene, which is incomplete in its germline 
configuration (Rogozin et al. 2007). This mechanism creates both antigen specificity and 
immune memory since the antigen binding specificity is encoded in the DNA of the 
individual lymphocytes. It is also very similar to the adaptive immune system of jawed 
vertebrates (Uinuk-Ool et al. 2002).  
 
1.1.2. The gnathastome adaptive immune receptors 
All jawed vertebrates have an immunoglobulin superfamily (IgSF) domain based 
adaptive immune system that is controlled by two lymphocytes: B cells and T cells (Rast 
et al. 1997). The B cells are responsible for the humoral arm of the adaptive immune 
response. When a B cell recognizes antigen through its B cell receptor (BCR) or 
immunoglobulin (Ig), it will release antigen-specific antibodies, which are the secreted 
form of Ig. These antibodies serve various roles, such as neutralization, complement 
activation, or opsinization, which help eliminate extracellular pathogens and their 
products. The T cell is responsible for orchestrating the cellular arm of the adaptive 
immune response. When a T cell recognizes antigen through its T cell receptor (TR), it 
can either kill infected cells directly or recruit and activate other immune cells to 
 4 
 
respond to the pathogen. They are important in defending against intracellular 
pathogens. The BCR and TR are crucial in the activation of the adaptive immune 
response.  
While the B cell and T cell serve different roles in the immune response, the 
antigen binding diversity of Ig and TR are created through the same somatic 
rearrangement mechanism called V(D)J recombination (Tonegawa 1983). These 
receptors contain a variable region and a constant region. The variable region of Ig and 
TR is comprised of three gene components: the variable (V) segment, the diversity (D) 
segment, the joining (J) segment. Within each receptor’s genomic locus, there are 
multiple copies of the V, D, and J segments arranged in arrays. In each individual 
lymphocyte, the germline DNA configuration is rearranged to join a V, D, and a J 
segment together to form an exon encoding the variable region of the receptor. The 
recombination of these gene segments forms a functional exon that encodes three 
complementarity-determining regions (CDRs): CDR1 and CDR2 are germline encoded 
in the V segment, while CDR3 is formed by the V-D-J junction. The three CDRs are the 
membrane-distal loops of the variable region that interact with the antigen, and thus 
confer antigen specificity. Therefore, the different combination of the three types of 
segments creates combinatorial diversity in the total population of an individual’s 
lymphocytes. 
The segments are brought together by the recombination activating genes (RAG) 
(Schatz et al. 1989). With a few exceptions, each variable region is made up of a single 
copy of either a V, D, and J or a V and J segment depending on the receptor. The 
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mutually exclusive recombination of the segments is achieved through the 
recombination signal sequence (RSS) that flanks each gene segment. The RSS consists 
of a conserved heptamer, a non-conserved spacer sequence, followed by a conserved 
nonamer. The spacer sequence can be either 12 or 23 bp, which corresponds to one or 
two turns of the DNA helix, respectively (Lewis 1994). Each gene segment type will 
have a specific RSS depending on the receptor. For example, the TRβ V segments have a 
3’ 23-RSS, the D segments have a 5’ 12-RSS and a 3’ 23-RSS, and the J segments have 
a 5’ 12-RSS.  RAG will only recombine a 12-RSS with a 23-RSS, which prevents the 
recombination of the same or inappropriate gene segments.  
Beyond the combinatorial diversity, there is additional diversity created by the 
process of joining the gene segments. When RAG brings the two segments into 
proximity, the RSSs are cleaved from the gene segments and a hairpin is formed at the 
ends. The enzyme Artemis opens these hairpins with a single-strand cleavage at a 
random, often asymmetric, position and the complementary nucleotides become part of 
the coding strand (Ma et al. 2002). The complementary nucleotides that transfer to the 
opposite strand and are added to the end of the segment are called palindromic (P) 
nucleotides. These additions typically range from one to four nucleotides but can be 
longer (Meier and Lewis 1993). Once the hairpin is opened, the ends are lengthened and 
shortened as the terminal deoxynucleotidyl transferase (TdT) adds random non-template 
nucleotides, called N nucleotides, to the single strands from both segments while 
exonucleases takes them away simultaneously (Desiderio et al. 1984). This process ends 
when nucleotide complementarity between the strands is formed and the strands are 
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filled in on both sides to form the unique coding joint between the segments. This is the 
primary method of creating the junctional diversity of the antigen-binding repertoire.  
Another enzyme called activation-induced cytidine deaminase (AID) is 
responsible for secondary diversification of the antigen receptors. AID is a tightly 
regulated enzyme that can deaminate cytosine residues to uridine in DNA that is actively 
being transcribed (Muramatsu et al. 1999). Depending on the downstream DNA repair 
mechanism, AID can initiate three diversification processes: somatic hypermutation, 
class switch recombination, and gene conversion. Somatic hypermutation (SHM) 
accumulates point mutations across the antigen receptor variable region for affinity 
maturation in germinal centers. Since uridine is not typically found in DNA, it can cause 
DNA mismatch repair by MSH2/6 or base-excision repair by UNG and REV1 (Noia and 
Neuberger 2002, Rada et al. 2002). These point mutations can fine-tune antigen-binding 
affinity to create more effective antigen receptors. In general, this enzyme is only active 
in B cells post-antigen exposure. However, it has been implicated in the mutation of TR 
in shark and camelids, and has been found to mutate the primary repertoire of antibodies 
in sheep and cattle, which have limited segmental diversity (Chen et al. 2009, Jenne et 
al. 2006, Vaccarelli et al. 2012). Class switch recombination (CSR) is the replacement of 
the constant region isotype used by a B cell. Each of the immunoglobulin heavy chain 
constant region isotypes (except δ that encodes IgD) has a switch region that contains 
repetitive sequence and many cytosine residues (Mills et al. 1990). These nucleotide 
motifs are what cause an increase in the occurrence of double-strand breaks in these 
regions. When double-strand breaks occur in two switch regions, the repair machinery 
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brings the switch regions together to perform nonhomologous DNA recombination 
(Schrader et al. 2007). This ligates the two double-strand breaks, which deletes the DNA 
in-between and brings a different constant region isotype into proximity of the variable 
region. The constant region isotypes have different functional roles, so a B cell can 
respond to certain signals to create the most effective antibody for a particular pathogen 
(Blackwell and Alt 1989). This only occurs in B cells because TR only have one 
constant region isotype per chain. While SHM and CSR are thought to occur in all jawed 
vertebrates studied to date, gene conversion is a phenomenon that is thought to be 
confined to some endotherms. Gene conversion is the process of diversification through 
homologous recombination of small regions of pseudogenes. In the immunoglobulin loci 
of rabbit and chicken, there is one functional copy of each gene segment, preceded by 
several upstream pseudogene V segments (Reynaud et al. 1987). Single strand breaks 
catalyzed by APE1 induce homologous recombination between similar regions of the 
functional V and a pseudogene V (Di Noia and Neuberger 2004). This process occurs 
after V(D)J recombination, but before antigen exposure. Other low segmental diversity 
species, such as cow and sheep, are thought to also use gene conversion to diversify their 
primary repertoire (Parng et al. 1996). However, it is difficult to determine due to the 
SHM that occurs in the primary repertoire.  
While both Ig and TR have similar diversification mechanisms, their roles in the 
immune system are very different. Immunoglobulins recognize external conformational 
epitopes of pathogens while the TR recognizes internal linear peptides in the context of 
self-major histocompatibility complex (MHC). There are also differences in the constant 
 8 
 
regions that allow them to fulfill different functional niches. Both the TR and Ig have 
heavy and light chains that form heterodimers. However, the TR contains one copy of 
each chain and one antigen-binding region, while Ig has two copies and therefore two 
antigen-binding regions. Each TR chain always has one constant region IgSF domain, 
while the Ig chains can have from one to ten, depending on the chain and the class. 
Immunoglobulins can also be membrane bound or secreted, while the TR is always 
membrane bound. This allows the BCR to be able to activate B cells through BCR 
antigen recognition and other immune cells through Fc receptors recognizing the BCR 
constant region. The TR can only activate T cells through TR antigen recognition.  
 
1.1.3. Antigen receptor chain features 
The Ig heavy chain constant region classes allow the humoral immune response 
to be customized based on location and type of pathogen. In mammals, there are five 
classes: IgM, IgD, IgG, IgE, and IgA. IgM in the first immunoglobulin class produced in 
all developing lymphocytes because it does not require class switching. Therefore, they 
are usually low affinity and have little SHM (Kitaura et al. 2017). However, this class 
can form secreted pentamers that increase the avidity of binding. IgM is primarily found 
in the serum and is a potent complement activator. It can neutralize and opsonize 
pathogens to varying degrees. It is also the most conserved class in all jawed vertebrates, 
present in all species studied except coelacanths (Amemiya et al. 2013). IgD is the 
marker of a mature B cell; however, its function is not well understood. It is the only 
non-IgM isotype that is expressed because of alternative splicing rather than CSR. It is 
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also highly variable between species: mouse has two constant domains, human has three, 
cattle, sheep, and pig have three with an IgM-like C1 domain, and Takifugu rubripes 
have 13 IgD constant domains expressed with the C1 of IgM (Edholm et al. 2011a). 
There are also species that do not have a functional IgD, such as chicken, rabbit, 
Monodelphis domestica, elephant, and T. m. latirostris (Breaux et al. 2017, Guo et al. 
2011, Wang et al. 2009). IgG is the dominant class found in the blood and extracellular 
fluid. It is a moderate complement activator and is the only antibody that can be 
transported across the placenta. It also can neutralize and opsonize pathogens, and can 
activate natural killer (NK) cells. The number of subclasses of IgG varies between 
species: human and mouse have four, elephant has nine, and pig has 11 (Butler et al. 
2009, Guo et al. 2011). Although IgG is a mammal-specific class, IgY is a functional 
analog in amphibians, reptiles, and birds, but not in teleosts or cartilaginous fish. IgY is 
also similar to IgE, and it is thought to be the progenitor of both IgG and IgE (Warr et al. 
1995). IgE is found in low concentrations in the serum, but it is a potent activator of 
mast cells. Finally, IgA is responsible for mucosal immunity as it is the only class that 
can be transported across the mucosal epithelium. It can neutralize and opsonize 
pathogens, and it is a mild complement activator. IgA can also have different subclasses, 
however most species have one. The exceptions are primates with two and lagomorphs 
with 13 (Burnett et al. 1989). IgA is conserved through reptiles, but amphibians and 
teleosts have the functional analogs IgX and IgT, respectively. Similar to IgA, both IgX 
and IgT are found in the mucosal surfaces and respond to oral or gut pathogen challenge 
(Du et al. 2012, MuBmann et al. 1996, Parra et al. 2015, Zhang et al. 2010). While direct 
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comparisons of IgX and mammalian IgA did not show a phylogenetic relationship 
between these two classes, the inclusion of avian and reptilian IgA suggest that IgX is an 
ortholog of IgA (Deza et al. 2007). It is still unclear whether IgZ is ortholog to IgA or an 
product of convergent evolution (Zhang et al. 2010).  
There are also immunoglobulin light chain isotypes that pair with the heavy 
chain. However, the light chain isotype is determined during B cell development and 
cannot be changed by CSR like the heavy chain. There are two light chain isotypes in 
mammals: Igκ and Igλ. No significant functional differences have been detected between 
these two chains. However, there is a pattern of expression bias. The two isotypes are 
coded in distinct genomic loci, and the ratio of the number of V segments for each chain 
correlates to the ratio of expression of each chain (Almagro et al. 1998). For example, 
mouse has many Igκ V segments and only three functional Igλ V segments, and Igκ is 
expressed in 95% of the B cells (McIntye and Rouse 1970). While reptiles have both Igκ 
and Igλ, Igκ was lost in birds so they only have one light chain isotype (Das et al. 2010). 
Amphibians and teleosts have three light chains: Igκ, Igλ, and Igσ (Edholm et al. 2011b, 
Schwager et al. 1991). Cartilaginous fish have four: Igκ, Igλ, Igσ, and Igσ-cart 
(Criscitiello and Flajnik 2007). 
The TR is comprised of four possible chains: TRα, TRβ, TRδ, and TRγ. These 
four chains form two heterodimer receptors: the αβ and the γδ T cell receptor. The TRβ 
and TRδ are the heavy chains and the TRα and TRγ are the light chains. The four chains 
are encoded in three genomic loci: the αδ locus, the β locus, and the γ locus. The αδ in 
unique because the TRδ-specific segments are nested within the TRα-specific segments, 
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and there is a subset of V segments that are shared between the two chains. The β locus 
has two to four DJC clusters that share a pool of V segments. The γ locus is variable 
between species. The four TR chains are conserved throughout jawed vertebrates, but 
marsupials have an additional chain called TRμ. This chain uses two Ig-like V segments 
with a TRδ-like constant region (Parra et al. 2008, Parra et al. 2012a). The genomic 
locus is organized in clusters that have a single V segment, several D segments, a single 
J segment, a VJ germline fused segment, and a constant region. This is similar to the 
novel antigen receptor-T cell receptor (NAR-TCR) seen in cartilaginous fish that uses 
TRδ instead of a separate locus (Criscitiello et al. 2006). However, NAR-TCR has only 
been found in cartilaginous fish, so these two similar receptors in chondrichthyes and 
monotremes/marsupials appear to have arisen through convergent evolution (Parra et al. 
2012a, Parra et al. 2012b).  
While the αβ TR and the γδ TR have similar structure, they function differently. 
The αβ TR is restricted in recognizing antigen presented by self-MHC, whereas the γδ 
TR is not restricted by classical, polymorphic MHC. In human and mouse, γδ TR are 
known to bind non-classical, non-antigen presenting MHC molecules such as MICA or 
T22, glycoproteins on the herpes simplex virus, apolipoprotein A-1 on tumor cells, and 
microbial metabolites (Bukowski et al. 1999, Sciammas and Bluestone 1998, Scotet et 
al. 2005, Wingren et al. 2000, Xu et al. 2011). This lack of MHC restriction allows γδ T 
cells to react quickly to infections with an interferon-γ (IFN-γ) and interleukin-17 (IL-
17) inflammatory response while αβ T cells must wait for antigen presentation (Cai et al. 
2011, Ferrick et al. 1995). This is also why γδ T cells dominate the immune response in 
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developing stages because their thymic development does not require positive MHC 
selection like αβ T cells do (Schweighoffer and Fowlkes 1996). The αβ T cells have 
different mechanisms for initiating an immune response. Recognition of the self-
MHC/foreign-peptide complex can lead either to a cytotoxic αβ T cell or a helper αβ T 
cell, depending on the recognition of MHC class I or MHC class II, respectively. 
Cytotoxic T cells initiate apoptosis of cancerous or virally infected cells through 
granzymes, perforins, and Fas ligand. Helper T cells activate B cell antibody production, 
macrophage phagocytosis, and cytotoxic T cell-induced apoptosis.  
The BCR and TR are essential in the antigen-specific adaptive immune response 
that is protective against subsequent infections. Understanding the evolution of these 
receptors is important for understanding our own immune system better. Knowing what 
is conserved between species, or more importantly, what is not conserved has already 
lead to innovations in human health. For example, cartilaginous fish and camelids have 
light chain-lacking antibodies that have a smaller paratope that can reach different 
antigens (Greenberg et al. 1995, Hamers-Casterman et al. 1993). Similarly, cattle 
ultralong CDR3 antibodies or “cattlebodies” have a unique stalk-and-knob CDR3 
structure that can bind in small hidden pockets of pathogens (Wang et al. 2013). Many 
mammalian species’ antigen receptors have been studied, but one important clade has 
had little attention: Afrotheria. Afrotheria is a distinct radiation of the eutherian mammal 
phylogeny. The only antigen receptor that has been classified in this superorder is the 
BCR heavy and light chains in the elephant, Loxodonta africana. The L. africana IgH 
and Igκ loci each contains ~50 functional V segments, while the Igλ locus only contains 
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two functional V segments (Guo et al. 2011). This study only characterized the genomic 
organization and did not analyze the expressed transcripts, and no Afrotherian have their 
TR loci or transcripts characterized. This understudied eutherian superorder is essential 
for understanding the evolution of these complex receptors in the mammalian lineage. 
That is why we chose to study the antigen receptors of the manatee, one of the extant 
species of Afrotheria.  
 
1.2. Manatee biology 
1.2.1. Afrotheria 
 The superorder Afrotheria consists of several diverse species that vary greatly in 
size and environmental niches. The extant Afrotherian species are the aardvark, elephant 
shrews, golden moles, tenrecs, elephants, dugongs, and manatees. Due to their vast 
differences in habitat, diet, and morphology, these species were grouped with other 
clades until 1997 (Springer et al. 1997, Stanhope et al. 1998). However, fossil records 
and genomic data have been instrumental in deducing the history of this rapidly 
diverging clade (Seiffert 2007). These species all have an African origin that date to 105 
million years ago when Africa was an isolated island continent (Hedges et al. 1996).  
 While the mammalian phylogeny varies depending on the data used to create it, 
the most accepted topology is that Afrotheria is a sister clade to Xenarthra, and both 
clades make up a distinct lineage in the eutherian phylogeny (Foley et al. 2016). 
Xenarthra consists of armadillos, anteaters, and sloths. Similar to Afrotheria developing 
of Africa, Xenarthra developed when South America was an isolated island continent, 
 14 
 
and then spread to Central and North America during the Great American Interchange 
(Gaudin and Croft 2015). These two clades are distinct from Boreoeutheria, which 
includes rodents, primates, ungulates, and carnivores. Boreoeutheria is the main source 
of immune studies for eutherian mammals. Therefore, there is much missing between 
Marsupialia and the often-studied Boreoeutheria for understanding the evolution of the 
immune system in mammals.  
 
1.2.2. Sirenia 
 The order Sirenia belongs to the superorder Paenungulata, which also includes 
Proboscidea (elephants) and Hyracoidea (rock hyrax) (Seiffert 2007). Sirenia and 
Proboscidea, its closest living relative, diverged about 50-60 million years ago 
(Domning 1982). Sirenia consists of two families: Trichechidae (manatees) and 
Dugongidae (dugongs). There are three manatee species in the family Trichechidae, 
which are the West Indian manatee (Trichechus manatus), the Amazonian manatee (T. 
inunguis), and the African manatee (T. senegalensis). There is one extant dugong species 
in the family Dugongidae (Dugon dugon) and one extinct species known as the Stellar’s 
sea cow (Hydrodamalis gigas). Manatees and dugongs diverged approximately 30 
million years ago (Domning 2005). The family Trichechidae inhabit the tropical coasts 
and rivers along east North, Central, and South America and West Africa. The family 
Dugongidae inhabit the tropical coasts of east Africa, India, Southeast Asia, and 
Australia. Sirenians are unique among Afrotheria because they are the only marine 
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mammals in the superorder. They are also unique among marine mammals because they 
are the only herbivorous marine mammals.   
 While manatees and dugongs look and behave similarly, there are differences. 
Manatees can inhabit both fresh and salt water, while dugongs are strictly marine 
(Domning 1982). The manatee has a single-lobed paddle-like tail, while the dugong has 
a two-lobed pointed tail. Manatees eat vegetation near the surface of the water and have 
a divided upper lip, while dugongs eat vegetation on the ocean floor and an undivided 
upper lip. Manatees are also longer (3 meters) and larger (500 kg) than extant dugongs 
(2.7 meters; 300 kg) (Reep and Bonde 2006).  
 Even amongst the manatee species, there are differences. The West Indian 
manatee is the largest of the manatee species and is divided into two subspecies: the 
Florida manatee (T. m. latirostris) and the Antillean manatee (T. m. manatus) (Reep and 
Bonde 2006). The Florida manatee can migrate north to Massachusetts or west to 
Louisiana, but the vast majority of the individuals stay within the Florida coasts. The 
Antillean manatee spans the coasts of several countries in the Caribbean Sea and Gulf of 
Mexico from Cuba to the Dominican Republic and Mexico to Brazil. There are 
morphological differences between the subspecies and migration is limited due to water 
depth and the fast currents between Florida and Cuba (Alvarez-Alemán et al. 2010). The 
West Indian manatee and the African manatee can both tolerate fluctuations in salinity 
and can migrate from fresh to salt water with little difference in blood salt levels (Ortiz 
et al. 1998). This is due in part to their lack of mariposia, or salt water drinking, which 
occurs in other marine mammals (Depocas et al. 1971). In contrast, the Amazonian 
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manatee cannot tolerate differences in salinity and only inhabits the fresh water of the 
Amazon River Basin, as its name suggests (Rosas 1994). The Amazonian manatee is the 
smallest, has the darkest skin, and is the only species that does not have flipper nails 
(Rosas 1994). The Amazonian manatee also has white spots on its stomach that are 
thought to mimic the reflections of clouds on the water when they swim upside down. 
The African manatee is the least understood of the three species, but it is believed to 
have originated as a migrating population from the West Indian population (Domning 
1994, Vianna et al. 2006). They inhabit the western coasts ranging from Senegal to 
Angola, as well as the rivers and lakes that drain into the ocean. They are found in fresh 
water rivers more often than the West Indian manatee (Diagne 2015).  
 One thing that the manatee and dugong have in common is their conservation 
status. Several factors have led to the entire extant order being classified as "vulnerable 
to extinction". Sirenians have been hunted historically and continue to be hunted 
illegally today for their meat (O'Shea 1988). They are also struck by boats frequently 
because they are slow moving and inhabit shallow waters. Manatees and dugongs are 
also losing viable habitat due to coastal human development and pollution (Vianna et al. 
2006). Conservation groups are working toward increasing sirenian populations; 
however, we still do not fully understand the basics of sirenian health.  
 
1.2.3. The Florida manatee 
 Synoptic surveys have been conducted since 1991 to estimate Florida manatee 
population size (Commission 2018). The survey began with 1,267 manatees in 1991. In 
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2018, the Florida population is estimated to be at least 6,131, which is lower than in 
2017 (6,620) and 2016 (6,250). However, the population has increased overall since 
1991 due to conservation efforts, and its conservation status was changed in 2017 from 
endangered to vulnerable, meaning the population is not in an immediate threat of 
extinction, but could still become endangered in the foreseeable future. This is due in 
part to the warm water effluents from power plants providing at least half of the Florida 
manatees with relief from the cold winter waters (Laist et al. 2013). Contrary to their 
appearance, manatees have low fat storage and do not have blubber. Manatees are 
hindgut fermenters, so their mass is mainly due to their large colon. They also have a 
slow metabolism, so they do not effectively generate body heat (Reep and Bonde 2006). 
Therefore, access to warm water is essential for manatee survival. The Florida manatee 
inhabits the northern extreme that is suitable for manatees, so they are the most 
susceptible manatee population to cold stress.  
 
1.2.3.1. Threats to Florida manatees 
 The isolation from other manatee populations has allowed the Florida population 
to become morphologically distinct from the Antillean manatees (Hunter et al. 2012). 
However, their isolation is also the source of their limited genetic diversity. The current 
Florida population was most likely a founder event during the last glacial maximum that 
allowed migration between Cuba and Florida about 12-15,000 years ago because the sea 
levels were lower and the currents were more weak (Domning 2005). This young, small 
population is more susceptible to drift and has not had time to accumulate novel 
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mutations. This is exemplified by the diversity of their neutral gene markers: 
mitochondrial DNA (mtDNA) and microsatellites. The Florida population only has one 
mtDNA haplotype, and across 18 microsatellite loci the number of alleles ranges from 
two to four with an average of only 2.5 (Tringali et al. 2008, Vianna et al. 2006).  
Low genetic diversity is dangerous because it limits the population’s ability to 
adapt to environmental changes. This is particularly dangerous for manatees because 
they live in shallow estuaries and rivers, so they are in close contact with humans. 
Humans have an increasing impact on coastal environments: habitat destruction, 
pollution, water turbidity, and water temperature. Although the power plant effluents are 
an example of positive human impact, plant closures have a big impact on the health of 
the population. Female manatees follow migration routes passed down from their 
mothers (Reep and Bonde 2006). When plants shut down, manatees still migrate there 
expecting a warm water refugia (Grissett 2014). These non-reliable warm water sources 
are dangerous to manatee health because they are essential for survival in the winter.  
When manatees are exposed to water 20°C or colder for extended periods, they 
experience Cold Stress Syndrome (CSS). CSS is a multifactorial disease process that 
affect metabolism, nutrition, and immunity. Cold water temperatures decrease their 
already slow metabolisms, which causes them to be lethargic. Lethargy causes them to 
decrease their food intake, which leads to malnutrition, dehydration, and constipation. 
Manatees under CSS are emaciated, have depleted fat stores, and serous fat atrophy 
(Bossart et al. 2002b). There are also abnormalities in the skin; CSS consistently causes 
epidermal hyperplasia, which increases the thickness of the skin (Bossart et al. 2002b). 
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There is also significant lymphoid depletion in the lymph nodes, spleen, and mucosal-
associated lymphoid tissue (MALT). The depletion was found in regions that contain B 
cells (lymph node follicles, splenic germinal centers, and MALT germinal centers) and T 
cells (lymph node paracortical regions, splenic periarteriolar sheath regions, and MALT 
interfollicular regions), so both the humoral and cell mediated immune systems are 
depleted (Bossart et al. 2002b). The immune suppression could be a combination of 
malnutrition and chronic excessive glucocorticoid exposure (Halvorsen and Keith 2008). 
Chronic exposure to cold water and lack of treatment can cause death in manatees. It 
was the cause of death in approximately 5% of the Florida population in 2017 and it is 
increasing. In January 2018, there were 38 confirmed cases of CSS-related deaths in 
Florida of the 102 total January deaths (37%), which is 5x higher than January 2017 
(2018). 
Another source of immunosuppression in the Florida manatee is red tide 
brevetoxin exposure. Red tide is caused by a harmful algal bloom that releases toxins 
and depletes oxygen in the water. The dinoflagellate species that occurs in the Gulf of 
Mexico that affects the Florida manatee is Karenia brevis and it releases brevetoxins. 
Not only are the toxins ingested from contaminated water, but the seagrass that they feed 
on is also contaminated (Flewelling et al. 2005). The brevetoxins can be aerosolized due 
to waves disturbing the algal blooms, which can be inhaled and cause disease. 
Brevetoxins have both acute and chronic impacts on manatee health (Walsh et al. 2015).  
Red tide is an annual phenomenon, so manatees accumulate toxins throughout 
their life. The acute symptoms are largely neurotoxic in nature. Brevetoxins are 
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excitatory lipophilic polyether neurotoxins that bind sodium gated channels in the brain, 
lung, heart, and muscle which causes the uncontrolled influx of sodium into the cell 
(Wang 2008). The binding of the toxin to the channel causes the channel to shift to a 
hyperpolarized activation potential, remain open longer, and slows inhibition. This 
causes the neurons to remain activated and release neurotransmitters, specifically 
acetylcholine, which causes smooth muscle contraction (Wang 2008). The chronic 
affects include edema, hemorrhage, and immune suppression. Using 
immunohistochemical staining of the lymph nodes of manatees suspected of 
brevetoxicosis, brevetoxins were identified within macrophages and lymphocytes 
(Bossart et al. 1998). Brevetoxins are also known to be enzymatic binding inhibitors of 
cysteine cathepsins, which are active in both macrophages and lymphocytes (Bossart et 
al. 1998). The inhibition of this enzyme causes induction of apoptosis. The brevetoxin-
positive cells also expressed interleukin-1-β-converting enzyme, which is an indicator of 
apoptosis. The apoptosis of macrophages and lymphocytes causes the release of 
inflammatory cytokines, which increases vascular permeability and leads to internal 
hemorrhage and edema. The apoptosis of macrophages and lymphocytes and reduced 
lymphocyte proliferation also leads to chronic immune suppression, which could leave 
the individual susceptible to opportunistic infections that lead to death (Bossart et al. 
1998, Walsh et al. 2005). Manatees with brevetoxicosis also have elevated nitric oxide 
levels, which suppresses lymphocyte proliferation (Walsh et al. 2007). 
While their impact on manatee health is unknown, evidence of several parasites 
including helminths can be found in the fecal matter of captive and wild manatees. 
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Various studies have identified five trematode species, one nematode species, one 
cestode species, two coccidian species, one microsporidium species, and one 
cryptosporidium species (Bando et al. 2014, Beck and Forrester 1988, Borges et al. 
2011). Toxoplasma gondii has also been identified in the brain of a Floridian manatee 
(Dubey et al. 2003). Most fecal samples of wild manatees contained three concurrent 
parasite infections, which could be debilitating to the host and lead to secondary 
infections or starvation (Bando et al. 2014). However, the fecal samples were not paired 
with a physical assessment of the manatee health, so the impact of parasitic infection on 
manatee health needs to be studied in more detail.  
The Florida manatee papilloma virus (TmPV1) was first identified in 1997. The 
average TmPV1 seroprevelance is 26.3% in wild and captive manatee populations, with 
no significant difference between captive and wild populations (Dona et al. 2011). 
Manatees develop two different phenotypic forms of papillomas: filiform and 
maculopapular (Bossart et al. 2002a). The filiform lesions occur the nose, lips, and oral 
disc and are typically transient. The histological organization of these lesions are similar 
to those in other species that can become malignant and progress to cancer (Bossart et al. 
2002a). However, there has been no evidence of this occurring in manatees. The 
maculopapular lesions occur on the trunk of the body and are clinically persistent and 
associated with immune suppression. The maculopapular lesions tend to show a linear 
pattern, which indicate that the infection was spread through self-inoculation, most likely 
due to the wound caused by a motor boat strike (Bossart et al. 2002a). These papillomas 
are still relatively uncommon and do not pose a serious threat to manatee health. 
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However, the filiform papillomas have the potential for hindering eating if they grow too 
large or become malignant. 
Perinatal mortality was responsible for 116 of 538 (21.6%) Florida manatee 
deaths in 2017 (2018). Perinatal mortalities are defined as a manatee that is less than 150 
cm that was not determined to have died from human-related causes. There are many 
reasons that newborn manatees are vulnerable (Bonde et al. 1984). When a manatee is 
born, it must be shown how to go up to the water surface to take a breath. This 
disorienting time leaves them open for predatory attacks from alligators, snapping 
turtles, or sharks (Wright). The mother may also abandon her calf, especially if she is a 
first-time mother. The mother also becomes reproductively active in the year she raises 
her calf, the mother and calf could be separated by a male mating herd. Manatee 
breeding involves several males and multiple breedings that can last several days, which 
leaves the calf without food and protection (Wright). If the mother gets entangled in 
ropes or fishing gear near her armpit teats, the calf may not be able to nurse (Wright). 
There are also many stillbirths that occur, which could be caused by an infection or by 
cold stress on the mother.  
A large percentage of manatee deaths can be contributed to human interaction. 
Their preference for shallow water habitats leaves them vulnerable to boat strikes and 
net entanglement. In 2017, 106 of 538 Florida manatee deaths (19.7%) were caused by 
boat strikes (2018). Their shallow water habitat also puts manatees in contact with 
sediment contaminants from fertilizer run-off and chemical spills (Bonde et al. 2004). 
They can also be crushed in flood gates or canal locks, trapped in pipes, or ingest fishing 
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gear or debris. While conservation efforts are working towards lowering the direct 
human impacts on manatee health, habitat destruction limits the population numbers that 
can be sustained. It also fragments the population, which increases the negative effects 
of small population size, such as drift and inbreeding.  
The manatee death category with the largest percentage every year is 
“Undetermined”. There are three reasons a manatee mortality is categorized as 
“Undetermined”: the carcass was too decomposed to determine cause of death, the 
necropsy results were inconclusive, and a manatee carcass was reported, but not 
recovered. In 2017, 159 of the 538 (29.5%) Florida manatee deaths were classified as 
undetermined (2018). This could be due in part to the lack of diagnostic tools for 
manatees. Manatees do not often show outward signs of illness, so assessing the health 
during wild captures requires more in-depth analysis (Reep and Bonde 2006). More 
diagnostic tools would not only make necropsy results more accurate, but would also 
add to our understanding of the impact of infectious agents on manatee health. There is 
also little known about the manatee immune system and what defines a healthy manatee. 
It is important to be able to categorize these undetermined cases into more descriptive 
categories to understand what is causing these deaths and what can be done to prevent 
them. 
 
1.2.3.2. The Florida manatee immune system  
Manatees are hypothesized to have strong immune systems because they are 
seemingly resistant to disease even though they encounter a variety of pathogens (Bonde 
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et al. 2004). For example, they have been found to have antibodies against 
morbilliviruses that cause disease in dolphins, pseudorabies virus, San Miguel sea lion 
virus type 1, and equine encephalitis viruses, but there is no evidence of these causing 
clinical disease in manatee (Duignan et al. 1995, Geraci et al. 1999). There is also high 
prevalence of Trichechid Herpesvirus 1 (TmHV1) detectable by quantitative PCR, but 
no clinical signs have been reported (Ferrante et al. 2017). Manatee deaths are usually 
contributed to old age, cold stress or red tide-caused immunosuppression, or physical 
injury from human-related causes rather than infectious disease. Even though 
approximately 20% of annual manatee deaths can be contributed to boat strikes, the 
incidence of boat strike survival is much higher. Most manatees have boat strike scars 
that have healed, despite the constant exposure to pathogens that comes with the fully 
aquatic environment. This evidence of the robust immune system is mostly anecdotal; 
we have yet to determine what in particular makes manatees both resistant to disease and 
exceptional wound healers.  
The majority of manatee immune studies have been focused on lymphocyte 
proliferation and cytokine levels because these are the most useful diagnostic tools for 
broad health assessment. The use of lymphocyte proliferation assays has shown that both 
cold stress and red tide exposure reduces lymphocyte proliferation by one third, which is 
one mechanism for their immune suppression (Walsh et al. 2005). Cytokine detection is 
a valuable tool for diagnostics because changes in cytokine mRNAs are an early 
indicator of an immune response. Therefore, quantitative PCR assays have been 
developed to determine baseline levels for catecholamines, IL-2, 6 and 10, IFN-γ, tumor 
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necrosis factor (TNF)-α (Ferrante et al. 2018, Sweat et al. 2005, Walsh et al. 2003). This 
can be used in future studies to determine deviations from the baseline in different 
physiological states. The baseline circulating IgG levels have also been determined by 
BioLayer Interferometry. The reference range for the Florida manatee is 4.42-16.46 
mg/mL, which is higher than dolphin at 3.2-11.49 mg/mL (McGee 2012). However, it is 
comparable to the human healthy adult range at 7-16 mg/mL. This could help explain 
why certain pathogens cause disease in dolphin, but not in manatee (assuming they are 
not dolphin-host specific). The MALT has also been characterized in the Florida 
manatee (McGee 2012). In particular, the conjunctival-associated lymphoid tissue 
(CALT) is more extensive in the manatee compared to other mammals, which correlates 
to the “reinvention” of the nasolacrimal system in manatees, elephants, and hyrax, as 
well as their thick tear film compared to other marine mammals (Brightman et al. 2003, 
Samuelson et al. 2007). The paenungulates lack lacrimal glands and nasolacrimal ducts; 
their eyelids have accessory glands that produce mucous secretions in the Florida 
manatee, serous in the Asian elephant, and seromucous in the hyrax (Samuelson et al. 
2007). The Florida manatee also has large nodules in the CALT that are morphologically 
and cellularly similar to the Peyer’s patches in the gastrointestinal system (McGee 
2012). These nodules have been identified previously only in Guinea pig (Dwyer et al. 
1983). This highly effective CALT system may be the result of a compensatory 
mechanism to the loss of lacrimal ducts or to combat the pathogen-rich murky waters 
they inhabit.  
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Manatees also have distinct features in their circulating leukocytes. The Florida 
manatee has a morphologically unique heterophilic granulocyte with a multilobulated 
nucleus, which is predicted to function similarly to a neutrophil (Bossart 1995). This was 
the most common circulating leukocyte, followed by lymphocytes, monocytes, and 
eosinophils. No basophils were identified. Manatees have a higher relative and absolute 
number of circulating lymphocytes than other mammals, including dolphin (40% in 
manatee vs 20% in dolphin) (Bossart 1995). Elephants, a close relative to manatees, also 
have elevated numbers of circulating lymphocytes (44%) (Silva and Kuruwita 1993).  In 
contrast, dolphins had a higher relative and absolute number of eosinophils than 
manatee, and overall manatees have a low eosinophil numbers compared to terrestrial 
mammals. This may be due to the presence of heterophilic instead of neutrophilic 
granulocytes that could compensate during helminth infections (Bossart 1995). The 
lymphocyte composition was as follows: 84-89% helper T cells, 7-11% cytotoxic T 
cells, 2-3% B cells, and 2% NK cells (Bossart 1995). Both manatee and dolphin had an 
unusually high proportion of helper T cells and low proportion of cytotoxic T cells, as 
well as low proportions of NK cells compared to terrestrial mammals. 
The immune system knowledge for the Florida manatee is shallow and sparse, 
and the same could be said for the antigen receptors of Afrotherians. We therefore 
sought to fill this gap in knowledge by characterizing the Ig heavy chain and T cell 
receptor genomic loci and expression patterns in the Florida manatee. This will increase 
understanding of the manatee immune system and the evolution of the antigen receptor 
loci in eutherian mammals.  
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CHAPTER II 
THE IMMUNOGLOBULIN HEAVY CHAIN* 
 
2.1. Introduction 
 Manatees are largely tropical marine mammals within Superorder Afrotheria, 
which includes aardvarks, elephants, and tenrecs (Kellogg et al. 2007). The Order 
Sirenia includes three manatee species, the West Indian (Trichechus manatus), the 
Amazonian (T. inunguis), and the African (T. senegalensis) that inhabit the Caribbean 
and Atlantic coasts, the Amazon River drainage, and the West African coasts, 
respectively (Domning 1982). The two American species are of particular interest due to 
a history of overhunting, which caused several bottlenecks and their current vulnerable 
status (O'Shea 1988). The West Indian manatee also has significant population 
fragmentation due to habitat destruction (Vianna et al. 2006). To date, two subspecies 
have been identified: the Florida manatee (T. m. latirostris) and the Antillean manatee 
(T. m. manatus). Because these species maintain a wide distribution across varied 
aquatic environments, have a history of bottlenecks and founder events, and serve a role 
as sentinel species within coastal environments (Bonde et al. 2004), characterizing their 
adaptive immune receptors is essential to supplement conservation efforts. Some earlier 
studies have quantified the robustness of the manatee immune system (Bossart 1995, 
                                                 
* Reprinted with permission from “The Florida manatee (Trichechus manatus latirostris) 
immunoglobulin heavy chain suggests the importance of clan III variable segments in 
repertoire diversity” by Breaux, B. et al, 2017. Dev Comp Immunol, 72: 57-68, 
Copyright 2017 by Elsevier.  
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McGee 2012, Sweat et al. 2005, Walsh et al. 2005, Walsh et al. 2003), but the specific 
antigen binding diversity of the adaptive immune receptors has not been described. 
Manatees make an interesting non-model species to study because there are little data on 
the lymphocyte antigen receptors of the Afrotherian branch of mammalian evolution 
(Guo et al. 2011).  
 Florida manatees have two significant disease associated agents identified in 
their populations (Brevetoxicosis (red tide) and papilloma virus) (Bossart et al. 1998, 
Bossart et al. 2002, Walsh et al. 2015). The brevetoxins produced by Karenia brevis 
cause disease in two ways. There are acute neurotoxic effects from the brevetoxin when 
they bind to sodium channels, which activates them and disrupts the normal salt gradient 
required for neuronal action potentials (Wang, D. Z. 2008). The more fatal aspects of the 
disease stem from the chronic immunosuppressive effects when the brevetoxins are 
internalized by leukocytes because it initiates apoptosis, which releases inflammatory 
mediators that lead to edema and pulmonary hemorrhage (Bossart et al. 1998). 
Additionally, several parasites have been identified in the Florida populations, including 
trematodes (Chiorchis fabaceus, Chiochis groschafti, Pulmonicola cochleotrema, 
Moniligerum blairi, and Nudacotyle undicola), nematodes (Heterocheilus tunicatus) and 
coccidians (Eimeria manatus and Eimeria nodulosa), but their impact on population 
health is not yet understood (Bando et al. 2014). Little is known about the manatee 
immunoglobulin (Ig) repertoire, with the exception of serological analysis that 
determined baseline levels of circulating IgG in T. manatus (McGee 2012). Since the T. 
m. latirostris genome is the only assembled manatee genome currently available, we 
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characterized the genomic organization of this manatee species and evaluated the gene 
expression to assess the potential repertoire diversity.  
 Immunoglobulins are both the secreted and membrane bound receptors of B cells 
that can opsonize and neutralize extracellular antigens and activate the complement 
cascade. The adaptive immune receptor loci are exceptional in their organization and 
rearrangement mechanism which creates the diversity needed to recognize a wide variety 
of antigens. The immunoglobulin heavy chain (IgH) locus contains a unique set of 
several variable (V), diversity (D), and joining (J) segments (Tonegawa 1983). During 
development, each B cell recombines one of each segment at the DNA level so that each 
cell produces one receptor, allowing for the specific proliferation of cells and receptors 
that recognize the invading antigen (Nossal and Lederberg 1958).  
 To increase the diversity of these receptors beyond the combination of different 
segments, there are two mechanisms driven by the enzyme activation-induced cytosine 
deaminase (AID) in most vertebrates: somatic hypermutation (SHM) and class-switch 
recombination (CSR). These mechanisms usually proceed after antigen recognition, 
except in sheep where mutation occurs independent of external antigen exposure 
(Reynaud et al. 1995). AID also mediates another uncommon mechanism of 
diversification called gene conversion, seen in rabbits and chickens. In SHM, 
deaminating a cytosine results in repair mechanisms that can cause a point mutation. 
CSR occurs when there are two double stranded breaks in the switch regions of two 
constant regions, which are resolved by bringing the two breaks together and deleting 
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the intervening sequence. This allows for isotype switching which gives the receptors 
different functions.  
 Mammalian V segments can be separated into three clans based on sequence 
similarity primarily in the framework 1 and 3 regions (Kirkham et al. 1992). In most 
mammals, there are germline V segment representatives for each clan, but some species 
lack V segments from one or two clans. However, clan III is usually retained, such as the 
platypus that only has clan III V segments (Zhao et al. 2009). Clan III is also the most 
homologous to ancestral V segments in fish (Andersson 1995, Zhao et al. 2009). 
However, there are three mammalian species that do not have clan III (cow, sheep, and 
horse), where it appears to be coupled with low numbers of V segments (Dufour et al. 
1996, Niku et al. 2012, Walther et al. 2015). The mechanism and selection pressure 
behind the maintenance of these clans is unclear, but there do seem to be functional 
differences between the three clans (Schroeder and Wang 1990, Tutter and Riblet 1989). 
 While the immunoglobulin heavy chain locus structure is similar across jawed 
vertebrates, there are differences in the potential repertoire diversity and the range of 
functions of the available constant regions. By comparing the manatee segmental 
diversity and expression with other species, we can see which segments are important 
both within and between species and determine how well equipped manatees are for 
defense against infectious disease in their environment.   
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2.2. Materials and methods 
2.2.1. Sample collection  
       Blood was collected into EDTA-containing vacutainer tubes from the flipper of 
T. manatus latirostris during wild capture health assessments in Crystal River, Florida in 
November of 2014. The blood was processed at the site of collection using the 
LeukoLock Total RNA Isolation System (Life Technologies, Carlsbad CA) to preserve 
RNA from peripheral blood leukocytes. The filters were transported to Texas A&M 
University at room temperature and then stored at -20°C.  
  
2.2.2. Total RNA isolation and cDNA synthesis 
      RNA was isolated from the filter-bound leukocytes using the LeukoLock Total 
RNA Isolation System, following the manufacturer’s instructions. The quantity and 
quality of the RNA samples were assessed using a NanoDrop 2000c spectrophotometer 
(Thermofisher, Waltham, MA) and stored at -80°C. The 5’ RACE cDNA libraries were 
prepared from the leukocyte RNA using the GeneRacer kit (Life Technologies) with 
GeneRacer oligo dT and random primers in equal ratios. 
 
2.2.3. Identification of IgH genes in the genome 
 The Igμ constant region for the manatee was annotated by aligning the Asian 
elephant (Elephas maximus) Igμ transcript against the T. m. latirostris genome (Broad 
v1.0/triMan1). Once the scaffold containing the Igμ constant region was identified, 
BLASTx was used to search for potential upstream V segments and downstream 
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constant regions. The Recombination Signal Sequence Site 
(http://www.itb.cnr.it/rss/index.html) was used to predict recombination signal 
sequences (RSSs) to identify D and J segments. D segments were predicted based on two 
opposite facing 12-spacer RSSs located between the most 3’ V segment and most 5’ J 
segment. J segments were predicted based on a reverse orientation 23 RSS that was 
followed by either a FGXG or a WGXG motif. Genomic V and D segments were 
separated into families based on 70% nucleotide identity (Brodeur and Riblet 1984). 
Both V and D segment families were ordered by the number of segments within the 
family, starting with the largest. 
   
2.2.4. IgH RACE PCR, cloning, and Sanger sequencing  
   The 5’ RACE products were amplified by PCR using the 5’ Generacer adaptor 
forward primer and a T. manatus Igμ constant region reverse primer (Table A1). The 3’ 
RACE products were amplified by PCR using several forward primers specific for the 
framework regions of different V and the 3’ Generacer reverse primer. The amplicons 
were purified from a 0.8% agarose gel after electrophoresis in tris/acetic acid/EDTA 
(TAE) buffer, cloned into pCR II vector with the TOPO TA Cloning Kit (Life 
Technologies), and transformed into chemically competent TOP10 Escherichia coli cells 
(Invitrogen, Carlsbad, CA). Colonies were picked based on blue/white screening 
produced by X-Gal (Sigma-Aldrich, Saint Louis MO). The plasmid DNA was purified 
using the Zyppy Plasmid Miniprep kit (Zymo Research Corporation, Irvine CA) and 
digested with EcoRI (Promega, Madison, WI) to identify clones with inserts. Products 
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for sequencing were amplified using either M13 forward or reverse primers, purified 
using ABI BigDye X Terminator Purification Kit (Life Technologies), and sequenced by 
the Gene Technologies Lab in the Department of Biology at Texas A&M University.  
 
2.2.5. PacBio SMRT sequencing 
 PacBio Single Molecule Real Time (SMRT) sequencing provides long read 
length and circular consensus sequences to provide high accuracy, which makes it ideal 
to cover the entire V(D)J rearrangement and identify SHM.  
Transcripts were amplified from one individual T. m. latirostris RACE library. 
Primers used for PacBio sequencing were tagged with a 16 bp barcode, then 5’ RACE 
PCR was performed and the amplicons extracted from a 0.8% agarose gel after 
electrophoresis in tris/acetic acid/EDTA (TAE) buffer using the Purelink Quick Gel 
Extraction Kit (Invitrogen). Amplicon DNA was quantified using Qubit (Invitrogen). 
The DNA samples were sequenced by the Duke University Genome Sequencing Center 
(Durham, NC) on a PacBio RS II third-generation sequencer.  
 
2.2.6. Sequence analysis  
V and J segments in transcripts that were at least 90% identical to the genomic 
sequence were considered to have originated from that genomic segment. Sequences 
were aligned to the genomic D segment sequence to determine the transcript sequence 
that was contributed by a D segment. Individual identification of D segments in 
sequences is difficult due to high similarity between the D segments and a high 
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propensity for mutation in the Complementarity Determining Region 3 (CDR3) region. 
D segment usage was determined by aligning the CDR3 region of each transcript to each 
genomic D segment. Each alignment was scored manually under these conditions: a 
single match was +1 point, the match extension bonus was +0.1 for each consecutive 
match, a mismatch was -0.5 points, and the mismatch extension cost was an added -0.5 
for each consecutive mismatch. Scored regions did not cross over gaps in the alignment. 
The best scored alignment determined the D segment sequence used in each transcript.  
CDR1 length was calculated as the number of amino acids between (not including) 
position 26 and 39, given that position 23 is the first conserved cysteine and position 41 
is the tryptophan of the WYRQ motif (Lefranc 1999). CDR2 length was calculated as 
the number of amino acids between (not including) position 55 and 66, given that 
position 104 is the second conserved cysteine in the YXC motif (Lefranc 1999). CDR3 
length was calculated as the number of amino acids between (not including) the second 
conserved cysteine of the V segment and the phenylalanine/tryptophan of the F/WGXG 
motif of the J segment (Lefranc 1999).  
 
2.2.7. Sequence alignment and tree building 
 Amino acid alignments were performed using the Geneious (version 9.1.5) 
software ClustalW alignment tool, employing gap opening penalties of 17 and gap 
extension penalties of 6.0 for pairwise alignments. The alignments were used to create  
the two neighbor-joining trees using the Tamura-Nei distance model (Tamura and Nei 
1993) with 1000 bootstrap iterations.  
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 Both trees were also constructed using RaxML to create  maximum likelihood 
trees with the CAT BLOSUM62 protein model and bootstrapping algorithm in Geneious 
version 9.1.5 (http://www.geneious.com) (Kearse et al. 2012). The tree topologies were 
similar with both methods, so the maximum likelihood trees were not included.   
 
2.3. Results 
2.3.1. Genomic organization of the T. m. latirostris IgH locus 
2.3.1.1. IgH locus 
 The IgH locus is located on scaffold 53 of the T. m. latirostris genome assembly 
(Broad v1.0/triMan1). The locus is in the reverse orientation relative to the scaffold and 
spans 3,765,922 bp from the most 5’ V segment on the scaffold, which is a pseudogene, 
to the transmembrane tail of Igα, the most 3’ constant region (Figure 2.1). There are 
many sequence gaps within the locus. The total locus length may be underestimated 
because the scaffold ends before a non-Ig gene is identified. The scaffolds that contained 
VIPR2 and Zfp386, which flank the 5’ end of the IgH locus in other species, did not 
contain any IGHV-like sequences and no other V segments were located on other 
scaffolds. Therefore, we were unable to identify the 5’ boundary of the locus. It is 
possible that the manatee IgH locus is at the end of the chromosome similar to the 
human IgH locus and therefore does not have a flanking non-Ig gene, so the beginning 
of the genomic scaffold could be the beginning of the locus. Additionally, the region of 
the T. m. latirostris locus encoded by this scaffold is larger than the human (1.25 Mb), 
mouse (2.9 Mb) and elephant (2.97 Mb) loci, so it is reasonable to hypothesize that the  
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Figure 2.1. Genomic organization of IgH locus.  
The T. m. latirostris IgH locus is localized to scaffold 53 and has a length of 3,765,922 bp from the most 5’ V segment to the most 3’ 
exon of Igα. The numbers along each line indicate nucleotide position in the scaffold. The color coding is as follows: gray blocks are 
pseudogene V segments, light blue blocks are potentially functional V segments, medium blue blocks are expressed V segments, purple 
blocks are D segments, light pink blocks are potentially functional J segments, medium pink blocks are expressed J segments, and 
green blocks are constant regions. Segments are numbered in chronological order beginning with the most 3’ segment. Transcriptional 
orientation is indicated by the direction of the point of the block. Reprinted with permission from Breaux, B. et al, 2017. Copyright by 
Elsevier. 
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Figure 2.2. T. m. latirostris has one constant region gene for each isotype.  
Neighbor-joining tree generated from an amino acid alignment of selected sequences from GenBank. The T. m. latirostris sequences 
are highlighted in red. Bootstrap values at each major branch point are based on 1000 iterations, and sequence distance is indicated 
by the branch length according to the scale below the tree. The amino acid percent identity to the respective T. m. latirostris isotype 
is indicated at the end of each label. The tree was constructed using all the domains of each constant region with the exception of the 
elephant and manatee IgD. Both species only have one nonfunctional exon remnant to include while the other species have the 
complete 2-3 exons. Accession numbers are provided in Table A3. Reprinted with permission from Breaux, B. et al, 2017. Copyright 
by Elsevier. 
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beginning of the scaffold could be the beginning of the locus. However, the 
chromosomal location of the locus has not yet been identified. 
2.3.1.2. Constant region genes 
The T. m. latirostris genome assembly codes for the five IgH constant region 
isotypes found in most mammals: Igμ, Igδ, Igγ, Igε, and Igα, yet only contains one sub-
class of each isotype (Figure 2.2).  
The T. m. latirostris Igμ gene is the most 5’ constant region and is made up of 
four Ig domain exons and two transmembrane exons. The secretory protein is 445 amino 
acids long. The Igμ gene contains all conserved cysteines for inter- and intra-domain 
disulfide bonds. It also contains seven potential N-linked glycosylation sites, with the 
one in the C4 domain being unique to manatees and elephants (Figure A1). 
There is one 273 bp Igδ constant domain fragment encoded in the T. m. 
latirostris genome 5,690 bp after the cytoplasmic tail exon of Igμ. The elephant also has 
a similar Igδ fragment (Guo et al. 2011). When aligned to Igδ sequence from other 
species, this exon is most similar to the C3 domain (Figure A2). In the T. m. latirostris 
genome, there are no sequence gaps between the Igμ cytoplasmic tail and this domain, 
the end of the exon is truncated, there is no transmembrane region 3’ of the exon, and 
this exon has not been found in any sequence using 3’ RACE PCR. Therefore, the T. m. 
latirostris δ exon is most likely a pseudogene remnant. 
The T. m. latirostris genome encodes one Igγ constant region consisting of three 
Ig domain exons with a 14 amino acid hinge region between the C1 and C2 domains; the 
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secretory protein is 330 amino acids long. There are two transmembrane region exons. 
Between the Igδ exon and the Igγ C1 domain, there are four sequence gaps that are 1-2 
kb in length each and one that is 7.7 kb long. There are no gaps between Igγ and Igε. It is 
possible that other subclasses may be found in these sequence gaps, however we have 
only identified transcriptional evidence for the one described Igγ subclass. The amino 
acids involved in human FcRn binding are conserved in the T. m. latirostris Igγ, but 
there are differences at the human Igγ1 FcγRI and C1q binding motifs (Figure A3). 
Compared to the four human subclasses, the T. m. latirostris Igγ is structurally similar to 
Igγ2, with four cysteines in the hinge region and the inter-chain disulfide bond cysteine 
near the beginning of C1. It is also similar to human Igγ2 in disruption of the C1q, 
FcγRI, and FcγRIII binding motifs; Igγ1 and Igγ3 have a leucine at position 235 in the 
C2 domain, while Igγ2 has an alanine that lowers its C1q binding activity and eliminates 
FcγRI and FcγRIII binding ability. The T. m. latirostris Igγ has a proline at this position, 
therefore it is likely it has lower complement activation ability and no FcγRI and FcγRIII 
binding activity (Figure A3). However, it has the most nucleotide similarity to human 
Igγ1 and does not have the deletion that Igγ2 has at position 237 (Figure A3). The amino 
acids that are involved in FcRn binding are highly conserved in eutherian mammals, but 
are less conserved in monotremes and marsupials.  
Igε has four Ig domain exons and 2 transmembrane exons. The secretory protein 
is comprised of 426 amino acids. The T. m. latirostris Igε is very similar to other species 
when considering conserved cysteines, but the glycosylation sites throughout the protein 
are variable in number and location between the species examined. In T. m. latirostris, 
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there are six glycosylation sites in total: two in the C1 domain, two in C2, two in C3, and 
none in C4. The domain distribution is relatively similar to other species compared 
except for the C4 domain; all others except the primate species had at least one 
glycosylation site. The high-affinity FcεRI receptor binds several loops in the C3 domain 
that are more conserved than other regions of the domain: the Cε2-Cε3 linker, BC loop, 
DE loop, and FG loop (Figure A4). There was only one conserved glycosylation site 
throughout all species, and it was located within the DE loop. 
Igα is encoded by 3 Ig domain exons with the 7 amino acid hinge region encoded 
at the 5’ end of the C2 exon and one transmembrane exon. The secretory protein is 339 
amino acids long. The residues involved in binding pIgR, FcαRI, and the J-chain are 
relatively conserved across all species when compared (Figure A5) The T. m. latirostris 
Igα has features of both Igα1 and Igα2 in human. It is similar to human Igα1 because it 
has a cysteine in the C1 domain in the position that is involved in a disulfide bridge 
between the heavy and light chains. This bridge is not present in human Igα2. However, 
the length of the human Igα2 hinge region and the presence of glycosylation sites in C1 
is similar to T. m. latirostris. There are also unique features of the manatee Igα: it has the 
most N-glycosylation sites (seven) of the species compared with a unique glycosylation 
site in both the C2 and C3 domains, and there is an additional cysteine in C1 between 
two highly conserved cysteines that is not observed in other species. There are no gaps 
between the Igε cytoplasmic tail exon and the Igα C1 exon and we identified only one 
subclass expressed. 
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2.3.1.3. VH gene segments 
A total of 139 V heavy chain (VH) segments was identified on scaffold 53 of the 
T. m. latirostris genome assembly. Of these V segments, 118 were designated as 
pseudogenes (due to the presence of stop codons or frame shifts) and eight were 
designated as open reading frames (ORFs; due to a missing splice site, a missing motif, a 
truncation or insertion, or no detectable RSS) (Table A2). This leaves 13 potentially 
functional V segments encoded on this genomic scaffold, resulting in a locus with one of 
the fewest number of functional V segments and the greatest number of pseudogene V 
segments observed in mammals (Figure 2.3). There are gaps in the sequence among the 
V segments, and the 5’ boundary of the locus has not been confirmed, so this may be an  
 
 
 
Figure 2.3.   T. m. latirostris has limited IgH diversity compared to other species. 
Graphical representation of the varied segmental diversity between species. The y-axis represents the number of segments or genes. 
In the legend, the number in parentheses indicates the potential number of segment combinations possible. Reprinted with 
permission from Breaux, B. et al, 2017. Copyright by Elsevier. 
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underestimation. There is potential for more functional V segments to exist, but no other 
V segments have been identified on other scaffolds. 
The functional regions encoded by the V segments were characterized under the 
international immunogenetics (IMGT) information numbering system (Lefranc 1999). 
The length of the framework (FW) 1 region is 26 amino acids, FW 2 is 17 amino acids, 
and FW 3 is 39 amino acids for all V segments. Complementarity determining region 1 
(CDR1) ranged from 8 to 10 amino acids with an average of 8.77, and CDR2 ranged 
from 6 to 8 amino acids with an average of 6.23. 
 
 
Figure 2.4. Genomic VH segment alignment.  
The 13 functional VH segments were aligned using the ClustalW program in the Geneious software package. VH segments were 
separated into families based on 70% nucleotide identity. CDR regions are indicated by black boxes and were determined using the 
IMGT numbering system. Conserved cysteines are highlighted in yellow. Dots represent identity to the top sequence, which is used as 
a reference for all segments. Dashes represent gaps introduced to make the alignment. Reprinted with permission from Breaux, B. et 
al, 2017. Copyright by Elsevier. 
 
 
The functional VH segments were separated into seven families based on 70% 
nucleotide identity, and the family size ranged from one to five segments (Figure 2.4). 
When the pseudogene and ORF V segments were included, 44 families were identified 
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(data not shown). Compared to human and mouse sequences representative of the three 
VH clans defined by the IMGT, the 13 functional VH segments cluster with clan I and II 
(3 and 10 segments, respectively) (Figure 2.5). No functional VH segments belong to 
clan III.  
 
2.3.1.4. DH gene segments 
Between the most 3’ V segment and the most 5’ J segment, 48 functional D 
segments were identified that have 12-spaced RSSs on both sides. These segments range 
from 10 to 41 bp in length. The D segments were aligned and separated into 10 families 
based on 70% nucleotide identity; their size ranged from one to twelve segments (Figure 
A6).  
 
2.3.1.5. JH gene segments 
Six functional J segments have been identified with 23-spaced RSS and a WGxG 
or WDxG motif. There is one ORF J segment that has a functional RSS and WGXG 
motif, but no splice site on the 3’ end; this segment is 5’ to the functional J segments. 
The predicted sequence length of the functional J segments range from 15 to 20 amino 
acids. There is a moderate level of sequence identity between the J segments, the highest 
is 82.2% between IGHJ2 and IGHJ3, and the rest range from 75.5% and 54.9% (Figure 
A7). 
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Figure 2.5.  T. m. latirostris lacks clan III V segments. 
A neighbor-joining tree of the 13 functional T. m. latirostris VH (Trma) segments and the human (Hosa) and mouse (Mumu) VH 
segments that are representative of the three mammalian V segment clans. The horned shark (Hosh) VH segment is used as an outgroup. 
Bootstrap values at each branch point are based on 1000 iterations. The T. m. latirostris VH segments are highlighted in red. Clan 
boundaries are indicated by the vertical lines to the left of the tree. Accession numbers are provided in Table A3. Reprinted with 
permission from Breaux, B. et al, 2017. Copyright by Elsevier. 
 
 
2.3.2. IgH expression 
 IgH transcripts were sequenced from a peripheral blood leukocyte cDNA library 
of one T. m. latirostris using 5’ and 3’ RACE to identify the extent of mutation within 
one individual. Seventy-three unique transcripts (544 bp in length) were sequenced using 
5’ RACE and eight unique transcripts (1,269-1,508 bp in length) using 3’ RACE. 
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Sequences that had frame shifts in the CDR3 were not included. Of the 13 potentially 
functional genomic V segments, only four were expressed (IGHV5, IGHV7, IGHV8, 
and IGHV13) (Figure A8). Considering all 73 5’ RACE sequences, which did not use a 
V specific primer, 95% of the V segments had at least 90% identity to IGHV8.  
 Eight of the ten D segment families were found in the expressed transcripts 
(Figure 2.6). Family 1 was the most expressed (49%), but the most expressed individual 
D segment was IGHD47, which is in family 4. There was no apparent organization of 
family distribution or segment expression for the IgHD region.  
 Of the six potentially functional genomic J segments, three were found to be 
expressed (IGHJ1, IGHJ2, and IGHJ3) (Figure A8). We did not include the sequence 
with the IGHJ2 segment in the figure because the IGHV8 segment was truncated during 
sequencing and the CDR3 had a frame shift. Considering 81 5’ and 3’ RACE sequences, 
92% of the J segments had at least 95% identity to IGHJ3.  
CDR3 length was measured according to IMGT numbering: the exclusive amino 
acids between the last cysteine of the V segments and the WGxG motif of the J segment 
(Lefranc 1999). The CDR3 lengths of the expressed transcripts ranged from 5-23 amino 
acids, with an average of 13.4 amino acids.  
Mutation rates were based on disagreements to the genomic V segment to which 
the transcript had the greatest (and at least 90%) identity. Four transcripts had no 
mutations. While the V segment CDRs contain only 16.4-18.0% of the nucleotides, they 
held on average 45.8% of the mutations. Of the CDR mutations, more tended to be 
nonsynonymous than synonymous (p=2.2e-16) (Figure 2.7).  
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Figure 2.6. DH segments show expression bias for Family 1. 
Graphical representation of DH segment usage in expressed transcripts. A) Frequency of individual DH segment usage and DH family 
genomic organization. DH segments are ordered as they appear in the T. m. latirostris genome. Each segment bar is colored according 
to the family it belongs to. B) DH segment expression by family. Percentages represent the proportion of the total number of expressed 
transcripts that used a DH segment from that family. Reprinted with permission from Breaux, B. et al, 2017. Copyright by Elsevier. 
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Figure 2.7.  Mutation rates are higher in the CDRs.  
Depiction of the trends of somatic hypermutation in expressed transcripts. A) Frequency of mutations at individual nucleotide positions 
in rearranged transcripts containing the IGHV8 segment. The pink line represents the total number of mutations at each nucleotide 
position across all transcripts sequenced, the vertical lines represent the frequency of synonymous mutations (green) to nonsynonymous 
mutations (yellow) at each position. The amino acid translation of the genomic IGHV8 segment is below the graph, which the CDRs 
boxed in red. B) A boxplot representation of the frequency of synonymous mutations (SM) and nonsynonymous mutations (NSM) 
between the framework (FW) and complementarity determining regions (CDRs). The number of mutations is normalized by the total 
number of nucleotides within each region. Three stars (***) represents a p value less than 0.001 using an ANOVA test. Reprinted with 
permission from Breaux, B. et al, 2017. Copyright by Elsevier. 
 
 
2.4. Discussion 
This study is the first to characterize the IgH genomic organization and 
expression in the Order Sirenia and the first repertoire analysis at the mRNA expression 
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level from the early Afrotherian bifurcation of eutherian mammals. While the 5’ 
terminus of the locus has not been identified, there is little doubt that T. m. latirostris 
IgH locus has a translocon organization because no other genomic scaffolds contained 
V-like segments. 
 
2.4.1. IgH constant regions 
Igδ is found in most mammals, some reptiles, and teleost fish and varies in size, 
domain structure and genomic organization across species (Edholm et al. 2011). The 
number of domains can range from two to ten (Mushinski et al. 1980, White et al. 1985, 
Zhao et al. 2009). In some species, such as pig and catfish, the C1 domain is similar to 
Igμ and is coupled with the remaining Igδ-like domains (Wilson et al. 1997). Some 
species, such as the African elephant (L. africana), only have one domain encoded in the 
genome, which is thought to be a non-functional remnant lost to that species (Guo et al. 
2011). And finally, some species, such as the opossum, do not have a delta gene in the 
IgH locus (Wang, X. et al. 2009). The T. m. latirostris genome has a similar C3 Igδ 
remnant found in the African elephant (L. africana) genome (Figure A2). 
Most mammalian species have multiple subclasses of Igγ with high sequence identity 
but have varying function due to differences in hinge flexibility and Fc receptor affinity 
(Liu and May 2012, Pincetic et al. 2014). The number of subclasses varies among 
species: humans and mice have four, elephants (L. africana) have nine (Guo et al. 2011), 
and pigs (Sus scrofa) have eleven (Butler et al. 2009). However, the T. m. latirostris 
genome codes for only one Igγ constant region, similar to the opossum (Monodelphis 
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domesticus) (Wang, X. et al. 2009). There is also only one Igα subclass that possesses 
features of both human Igα1 and Igα2. The limited constant region diversity may be an 
artifact of the genome assembly because there are gaps, so there is a possibility that there 
are more Igγ and Igα subclasses. However, we have only found evidence for the one 
encoded in the genome. 
Igε is exclusive to all three mammalian lineages and is involved in the immune 
response against parasites and nematodes (Vernersson et al. 2004). Several parasitic 
worms are prevalent in the T. m. latirostris population, so this isotype is critical for this 
species (Bando et al. 2014). The unique glycosylation site distribution of T. m. latirostris 
may impact the strength of mast cell binding and could lead to a more or less effective 
response against parasitic worms (Crispin 2015).  
Of all studied eutherian mammals, T. m. latirostris may have the fewest constant regions 
because they have only one copy of each isotype represented in the current genomic 
assembly. Functionally, they are tied with M. domestica for least number of isotypes 
among studied mammals because the Igδ is a pseudogene remnant and is not expressed. 
Although they have few isotypes compared to other species, more studies could focus on 
the expressed proteins, specifically for IgG and IgA. It is possible that the T. m. 
latirostris-specific amino acid substitutions at receptor binding sites may not ablate 
function as is observed in the human-specific substitutions or the receptors have 
congruent mutations to retain function.  
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2.4.2 IgH segmental diversity  
Compared to most mammals, T. m. latirostris has a limited repertoire based on 
their low segmental diversity from 13 functional V segments, 48 D segments, and six J 
segments. There are 3,744 segmental combinations possible, which is lower than human, 
mice, and elephant, but higher than opossum and cow (Figure 2.3). This may be an 
underestimation due to the incomplete assembly of the locus. The V segments group into 
seven families: one family of five segments, two families of two segments, and four 
families of one segment (Figure 2.4). A majority of the segments (10) group to clan II, 
only three group to clan I, and none group to clan III (Figure 2.5).  
From the 13 functional V segments, only four have been identified in expressed 
transcripts in one sample. The four segments belong to three different families: IGHV5 
from family 1, IGHV13 and IGHV8 from family 2, and IGHV7 from family 3. These 
four V segments all belong to clan II. Of the 73 5’ RACE sequences, 95% of the 
transcripts used the IGHV8 segment. There seems to be preferential expression for this 
segment, however these sequences are from one individual and may be an expression 
bias unique to this individual. Other V segments may also be expressed in other 
individuals or at lower expression levels that were not captured in this sequencing. In the 
future, we plan to analyze the expressed repertoire of more individuals from Florida, as 
well as from Antillean and Amazonian manatee populations. Comparing synonymous 
and nonsynonymous mutations across the different framework and CDR regions, there is 
a highly significant selection bias for nonsynonymous mutations in the CDR regions 
(Figure 2.7). This shows that somatic hypermutation successfully selects for mutations 
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that will affect antigen binding diversity in the genomically encoded CDR1 and CDR2 
and against mutations that will change the framework structure.  
While the V segment diversity is limited, the 48 D segments provide an increased 
opportunity for CDR3 diversity. The T. m. latirostris IgH locus is far from having the 
most D segments (L. africana has the most at 87 D segments (Guo et al. 2011)), but they 
are above average compared to many mammals including humans, mice, cow, and 
opossum (Figure 2.3). T. m. latirostris has a slightly longer maximum D segment length 
at 41 bp than both human and elephant at 37 bp (Corbett et al. 1997, Guo et al. 2011). 
There are also ten D segment families compared to seven for both human and elephant. 
Within each family, there is not only high similarity in coding sequence and in the 
conserved heptamer and nonamer sequences of the RSS, but also in the 12 bp spacers 
(Figure A6).  
Although the D segments do not appear to be organized by family in the genome, 
there does appear to be expression bias of certain families (Figure 2.6). Family 1 has the 
highest probability (25%) to be used because it has the most segments, but it was 
expressed nearly twice that percentage (49%). Surprisingly, the two families with the 
second most segments, family 2 and family 3, had low expression (1% and 4%, 
respectively). The two families that were not expressed were family 7, which has two 
segments, and family 10, which has one segment. Therefore, it is possible they are used 
but not represented in this data set because their probability of use is low. While there is 
one family that dominates expression, there is still widespread D segment usage, which 
is important in creating a diverse CDR3 repertoire. The high number of D segments, the 
 64 
 
high diversity of those segments, and the broad expression of those segments leads to 
increased antigen-binding diversity in the CDR3, whereas the diversity in CDR1 and 
CDR2 is limited to the few VH segments and SHM.  
 
2.4.3 Pattern associated with the absence of clan III 
The lack of clan III V segments may explain the low numbers of V segments and 
the high number of pseudogenes in T. m. latirostris because the clan III V segments have 
features that indicate their potential role in maintaining germline V segment diversity. 
Clan III contains the only mammalian IgHV segments that will group with IgHV 
segments from bony fish and reptiles, so they may have stemmed from a common origin 
and maintained to fulfill a specific and essential role (Andersson 1995). Furthermore, it 
is suggested that clan III V segments play a noncoding role in targeting recombination 
due to the high level of nucleotide conservation in the framework 1 and 3 regions, the 
presence of the Chi recombination octamer, and their preferential use in rearrangements 
in human and mouse (Schroeder and Wang 1990, Tutter and Riblet 1989). Also, the 
regulatory elements that determine chromatin states are organized by clan throughout the 
mouse IgH locus, so transcriptional regulation is clan-specific (Bolland et al. 2016). The 
absence of clan III in T. m. latirostris may have reduced the levels of recombination, 
allowing the V segments to pseudogenize without much consequence. This could 
explain the large disparity between the number of functional V segments and 
pseudogenes (Figure 2.3).  
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There are only three other species studied that lack clan III V segments and they also 
have lower numbers of functional V segments: cows have 13 (Niku et al. 2012), sheep 
have approximately 10 (Dufour et al. 1996), and horses have 14 (Walther et al. 2015). 
However, cows and sheep have other mechanisms to create diversity in their IgH 
repertoires. In cows, approximately 10% of the Ig repertoire has an ultralong CDR3 due 
to unusually long D segments (148 bp) (Wang, F. et al. 2013). These ultralong 
immunoglobulins have various disulfide bridge configurations and are highly mutable, 
which increases their antigen binding diversity without needing segmental diversity (de 
Los Rios et al. 2015). In sheep, Ig SHM is not restricted to post-antigen exposure, so 
their naïve repertoire is not limited to what is encoded in the genome (Reynaud et al. 
1995).  
T. m. latirostris is the first species independent of the ungulate lineage that has evidence 
of this loss of all clan III V segments. The lack of clan III most likely had a common 
origin in cows and sheep because of their evolutionary proximity, but it evolved 
independently in horse and T. m. latirostris. It is possible that T. m. latirostris uses 
diversifying mechanisms similar to cows and sheep, such as pre-antigen exposure SHM, 
but has not yet been determined. It is unclear whether similar evolutionary mechanisms 
caused this convergent evolution because there are significantly more pseudogenes in T. 
m. latirostris than the other three species. However, the loss of clan III consistently 
correlates with considerably lower numbers of V segments compared to other eutherians. 
This pattern reveals that clan III may have a more critical role in maintaining V segment 
diversity than previously thought. 
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This study is the first characterization of the T. m. latirostris IgH locus. While the 
segmental diversity is limited both in the number of genomically encoded segments and 
number of expressed segments, somatic hypermutation is still an efficient source of 
CDR-targeted diversity. This limited segmental diversity could be due to the lack of clan 
III V segments that are thought to be important for recombination regulation in other 
species. Despite their limited segmental diversity, manatees are theorized to have a 
strong immune system when they are not under cold stress (Bonde et al. 2004). 
Therefore, the lack of Ig diversity may indicate a stronger dependence of cell-mediated 
immunity through the T cell receptor. The two primary disease causing agents in T. m. 
latirostris (chronic red tide exposure in leukocytes and papilloma virus) are intracellular, 
which typically require a cytotoxic T cell response (Bossart et al. 1998). The lack of 
diversity may also be mitigated through the gamma/delta T cell receptor, which is not 
MHC restricted and therefore can act similarly to a membrane-bound antibody.  
Understanding the genomic organization and expression profile of the 
immunoglobulin heavy chain locus for the Florida manatee is important because the 
manatee represents three unique groups. First, Afrotheria represents an important 
radiation in mammalian evolution because the most basal split within eutherian 
mammals may be between Afrotheria and all other placental mammals (Foley et al. 
2016, Murphy et al. 2001, Murphy et al. 2004, Springer et al. 2007). Second, marine 
mammals are not only unique in their adaptations to the aquatic environment, but they 
also have microbiota that are distinct from both terrestrial mammals and the water they 
inhabit, which could impact segmental selection (Bik et al. 2016). Finally, the absence of 
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clan III V segments is not only rare, but seems to have a big impact on the maintenance 
of V segment diversity. The results of this study not only fill the gap of knowledge in 
manatee immunity, but they question the evolutionary mechanisms that maintain 
diversity at this complex locus.  
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CHAPTER III 
THE T CELL RECEPTOR CHAINS* 
 
3.1. Introduction  
 T cells are the central component of the adaptive immune system that is present 
in all studied jawed vertebrates. They are responsible for novel antigen recognition and 
the subsequent activation of various immune cells, such as B cells, macrophages, and 
neutrophils. They can also kill infected cells directly or suppress self-reactive cells 
within an individual. T cells can collectively distinguish between different pathogens 
through the highly diverse T cell receptor (TR).  
Each TR chain is made of two immunoglobulin-like domains: one constant 
region and one variable region. The variable region is unique to each T cell and is 
determined by V(D)J recombination. The TR loci are comprised of several variable (V), 
diversity (D), and joining (J) segments followed by the constant region. In each 
individual lymphocyte’s DNA, one V, D, and J segment recombine to encode the 
variable region. The three segments together form three complementarity determining 
regions (CDRs), which are distal loops that interact with the antigen: the V segment 
encodes CDR1 and CDR2, and the CDR3 spans the 3’ region of the V, the D, and the 5’ 
region of the J segment. This creates combinatorial diversity between the segments. 
                                                 
* Reprinted with permission from “The Florida manatee (Trichechus manatus latirostris) 
T cell receptor loci exhibit V subgroup synteny and chain-specific evolution” by Breaux, 
B. et al, 2018. Dev Comp Immunol, 85: 71-85, Copyright 2018 by Elsevier. 
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There are four TR chains that are conserved in all jawed vertebrates: α, β, γ, and 
δ. The four chains form two heterodimers: αβ receptors and γδ receptors. The β and δ 
chains serve as the heavy chains (with D segments) and the α and γ chains serve as the 
light chains (without D segments). Three sets of discrete genomic loci encode the four 
canonical TR genes. The TRD genes are nested within the TRA genes in one locus. 
There is a collective set of V segments that can rearrange solely with TRA or TRD genes 
or with both; the D and J segments are chain specific. The TRB genes and the TRG 
genes are each encoded in independent loci, however the TRG genes can be encoded in 
one or two genomic loci depending on the species (Vaccarelli et al. 2008). The TR chain 
diversity and genomic organization are more conserved across jawed vertebrates than the 
immunoglobulin (Ig) genes. However, the level of sequence conservation across 
mammals is less resolved in the TR genes (Parra et al. 2008, Su et al. 1999). The current 
literature does not include the basal radiation of mammalian evolution between 
Boreoeutheria (primates, rodents, carnivores, and ruminants) and Marsupialia. It is 
therefore important to characterize the TR of species in clades that are not currently 
represented to identify evolutionary patterns. 
 Manatees are herbivorous aquatic mammals that inhabit warm waters of varying 
salinity. Of the three species, the West Indian (Trichechus manatus) and African (T. 
senegalensis) manatee are found in fresh, brackish, and salt water, while the Amazonian 
manatee (T. inunguis) is strictly fresh water (Domning 1982). All three species have a 
vulnerable conservation status due to a history of overhunting that persists illegally 
today and ongoing habitat destruction (O'Shea 1988). The Florida manatee (T. m. 
 74 
 
latirostris) is a subspecies of the West Indian manatee that mainly inhabits the coasts of 
Florida and has low mtDNA and microsatellite diversity (Tucker et al. 2012, Vianna et 
al. 2006). However, T. m. latirostris is predicted to have a strong immune system. While 
the evidence for this claim are mostly anecdotal, T. m. latirostris deaths are rarely 
contributed to infectious diseases in the absence of red tide toxin or cold stress induced 
immunosuppression (Walsh et al. 2015, Walsh et al. 2005). It is also the only species 
within the order Sirenia to have a genome assembly available, so we focused on this 
subspecies for characterization of their TR loci and expressed transcripts. 
 Manatees belong to the order Afrotheria along with aardvarks, tenrecs, elephant 
shrews, golden moles, and their two closest relatives: the elephant and rock hyrax 
(Kellogg et al. 2007). While the placental mammalian phylogeny is not fully resolved, 
Afrotheria is most often included in the most basal split, either individually or as a sister 
taxa to Xenarthra in the clade Atlantogenata (Foley et al. 2016). This places manatees in 
an interesting evolutionary position between Marsupialia and Boreoeutheria. They are 
therefore crucial in understanding the evolution of complex genes such as the TR across 
eutherian mammals.  
 
3.2. Materials and methods 
3.2.1. Sample collection  
       Blood was collected from T. m. latirostris (n=4) during wild capture health 
assessments in Crystal River, Florida from the flipper in an EDTA-containing vacutainer 
tube. The blood was processed at the site of collection using the LeukoLock Total RNA 
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Isolation System (Life Technologies, Carlsbad CA) to capture the peripheral blood 
leukocytes (PBLs). The filters were transported to Texas A&M University at room 
temperature then stored at -20°C.  
  
3.2.2. Total RNA isolation and cDNA synthesis 
  RNA was isolated from the filter-bound PBLs using the LeukoLock Total RNA 
Isolation System Kit, following the manufactures instructions. The quantity and quality 
of the RNA samples were assessed by NanoDrop 2000c spectrophotometer. The 5’ 
RACE cDNA libraries were prepared from the leukocyte RNA using Life Technologies 
GeneRacer kit with GeneRacer oligo dT and random primers. 
 
3.2.3. Primer design 
 Constant regions for TCR α, β, and δ were identified on the T. manatus latirostris 
genome (Broad v1.0/triMan1) by using BLAT to align the human nucleotide sequence to 
the genomic scaffolds. The TCR γ constant region was not identifiable on the assembled 
scaffolds, but the transmembrane region was. Reverse primers for the respective constant 
or transmembrane region for each chain were designed using the Geneious primer design 
function. The forward primer used was the Generacer 5’ Primer. 
 
3.2.4. TCR RACE PCR, cloning, and sequencing  
To validate the primers, 5’ RACE products were amplified by standard PCR 
using the 5’ GeneRacer forward primer and chain specific constant 
 76 
 
region/transmembrane region primers (Table A4). The amplicons were purified from a 
0.8% agarose gel after electrophoresis in tris/acetic acid/EDTA (TAE) buffer, ligated 
into pCR II vector with the TOPO TA cloning kit (Life Technologies), and transformed 
into chemically competent TOP10 Escherichia coli cells (Invitrogen, Carlsbad CA). 
Colonies were selected based on blue/white screening produced by X-Gal (Sigma-
Aldrich, Saint Louis MO). The plasmid DNA was purified using Zyppy Plasmid 
Miniprep kit (Zymo Research Corporation, Irvine CA) and was digested with EcoRI 
(Promega, Madison, WI) to validate insert size. Products for sequencing were amplified 
using either M13 forward or reverse primers, purified using ABI BigDye X terminator 
purification kit (Life Technologies), and sequenced by the Gene Technologies Lab in the 
Department of Biology at Texas A&M University. 
 
3.2.5. PacBio SMRT sequencing 
 PacBio Single Molecule Real Time (SMRT) sequencing provides long read 
length and circular consensus sequences to provide high accuracy, which makes it ideal 
to cover the entire V(D)J rearrangement and sample the full TR repertoire.  
Transcripts were amplified from four individual T. m. latirostris RACE libraries. 
Primers used for PacBio sequencing were tagged with a 16 bp barcode, then 5’ RACE 
PCR was performed and the amplicons extracted from a 0.8% agarose gel after 
electrophoresis in tris/acetic acid/EDTA (TAE) buffer using the Purelink Quick Gel 
Extraction Kit (Invitrogen). Amplicon DNA was quantified using Qubit (Invitrogen). 
The DNA samples were sequenced by the Duke University Genome Sequencing Center 
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(Durham, NC) on a PacBio RS II third-generation sequencer. Sequences are available in 
GenBank (GenBank: MG989752-MG990740). 
 
3.2.6. Sequence analysis  
 Genomic loci were identified by aligning human TR constant regions to the T. m. 
latirostris genome (Broad v1.0/triMan1). V segments were then identified using BLAST 
to identify Ig domains (Table A5). BLAST hits were visually inspected for signs of 
functionality: splice sites in the correct frame, lack of stop codons in the coding frame, 
conserved motifs, proper length of the framework and complementarity determining 
regions, and the conserved recombination signal sequence (RSS) downstream of the 
YXC motif. J segments were identified by having a proper sized RSS in the reverse 
orientation followed by an FGXG motif and 3’ splice site in the proper frame. D 
segments were identified by having two opposite facing RSSs of the proper size for each 
chain within approximately 100 bp of each other and identification in expressed 
transcripts. A threshold was applied of four contiguous nucleotides with identity to the 
genomic D segment for assignment.  
 The V segments for each chain were assigned to subgroups based on 75% 
nucleotide identity. Subgroups were numbered by the order in the genome from 5’ to 3’. 
The number before the dash is based on the order of where the first member of that 
subgroup occurs, and the number after the dash is based on the order that each member 
of that subgroup occurs. Subgroup identity between species was also determined by 75% 
identity.  
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Sequence alignments were made in Geneious using the ClustalW plug-in. IMGT 
V segment alignments were made using the IMGT/V-QUEST using the Homo sapiens 
TR V segment database. Phylogenetic trees were constructed in MEGA7 using the 
Maximum-likelihood method based on the General Time Reversible model with 100 
bootstrap replications.  
 
3.2.7. Statistical analysis  
To compare N and P nucleotide addition on each side of the TRD and TRB D 
segments, a two-sided T-test was performed in R Studio. CDR length differences 
between species were compared using ANOVA and Tukey-HSD in R Studio.  
 
3.3. Results 
3.3.1. TRAD locus 
3.3.1.1. Genomic organization 
The T. m. latirostris TRAD locus spans several genomic scaffolds (Figure 3.1). 
The 5’ boundary (olfactory receptor loci) is located on scaffold00273 and the 3’ 
boundary (DAD1) is located on scaffold00268 in the reverse orientation. TRADV 
segments are also found on scaffold00745, scaffold01496, scaffold03036, and 
contig164553; only pseudogenes are found on scaffold01603 and scaffold01076. The 
locus included in the genomic scaffold assembly spans 2,011,757 bp from the leader 
peptide of the most 5’ V segment to the cytoplasmic tail exon of the TRA constant 
region (TRAC). This is likely an underestimation due to sequence gaps between the  
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Figure 3.1. The TRAD locus is the most complex TR locus. 
The T. m. latirostris TRAD locus span six genomic scaffolds. Scaffold00273 contains the beginning of the locus, and scaffold00268 
contains the end of the locus. The remaining four scaffold locations are unknown, but are placed in the middle in descending order by 
length. The numbers along each line indicate nucleotide position in the scaffold. The color coding is as follows: medium blue are 
functional TRAV segments, dark blue are expressed TRADV segments, grey are pseudogene TRAV segments, medium orange are 
functional TRDV segments, dark orange are pseudogene TRDV segments, yellow are pseudogene VHD segments, purple are TRDD 
segments, pink are TRADJ segments, red are pseudogene TRADJ segments, and green are TRADC regions. V segments are numbered 
by subgroup and chronological order within the locus. The points on the pentagons indicate transcriptional orientation.  Reprinted with 
permission from Breaux, B. et al, 2018. Copyright by Elsevier. 
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scaffolds, but is already larger than the human (Homo sapiens; 1 Mb), mouse (Mus 
musculus; 1.65 Mb), and opossum (Monodelphis domestica; 1.3 Mb) TRAD loci, but 
smaller than the cattle (Bos taurus; 2.4 Mb) locus. The T. m. latirostris TRAD locus has 
the typical organization with the TRDD, J, C, and inverted V segment nested between 
the pool of shared TRADV segments and the TRAJ segments and C region.  
 
3.3.1.2. TRADV segments 
The TRAD locus assembled on the genomic scaffolds contained 112 V segments: 
50 functional and 62 pseudogenes or ORFs. The TRAV34-1 segment appeared to have a 
frameshift in the genomic scaffolds, but was found in expression analyses in all four 
individuals with one nucleotide difference that determined that it was functional. Similar 
to other species, some V segments in the TRAD locus expressed with either the TRA or 
TRD constant region, while some are expressed with both. Of the 50 functional V 
segments, the T. m. latirostris TRAD locus contained 41 TRAV, 6 TRADV, and 3 
TRDV (Figure A9, Figure A10). The A/D classification of the V segment subgroups was 
determined by expression data only and not based on sequence similarity to other αδ V 
segments in other species. We did not use the comparative approach because three 
TRAD expressed V segments were most similar to the human TRDV1 subgroup and one 
TRD expressed V segment (TRDV1-4) was not at least 70% identical to any human or 
mouse subgroup. Therefore, we could not confidently attribute classification based on 
comparative sequence identity. The expressed transcripts contained 25 V segments 
expressed only with the TRAC, three V segments only expressed with the TRDC, and 
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five V segments expressed with both the TRAC and TRDC. Concerning the three TRD-
only expressed V segments: TRAV15-4 was classified as a TRADV because it belonged 
to a subgroup of three other TRADV segments; TRDV1-4 had one other functional V 
segment and two pseudogenes in its subgroup that was not expressed, but were classified 
as TRDV segments; TRDV5-1 was the sole member of its subgroup. There were three 
pseudogenes (subgroup TRD2, 3, and 4) downstream of TRAV42-1 and upstream of the 
TRDD1 that were most similar to TRDV in other species, so due to their locus position 
and inability to be expressed, they were considered to be TRDV segments. The 
remaining 16 functional V segments were classified as TRAV segments, but are subject 
to change with the inclusion of additional expression data.  
A feature of the TRAD locus seen in amphibians, birds, and monotremes is the 
presence of an Ig heavy chain V (VH) segment near the TRD-specific gene segments. 
This VH segment is expressed with the TRDC, and is therefore called VHD. This feature 
is not seen in teleost fish, marsupials or eutherians. However, there was one pseudogene 
in the T. m. latirostris TRAD locus downstream of the TRDV3 pseudogenes and 
upstream of the TRDD1 that was not similar to TRA or TRD V segments in other 
species. Although it appears highly frameshifted throughout the potential V region, it 
was most similar to immunoglobulin heavy chain V segments (IgHV), as well as the 
platypus (Ornithorhynchus anatinus) VHD segment (Figure 3.2). The highest similarity 
to a T. m. latirostris TRADV was 37.90%, but the highest similarity to a T. m. latirostris 
IgHV was 51.29%. This V segment was considered a VHD pseudogene. 
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Figure 3.2. The VHD pseudogene in the TRAD locus is most similar to IGHV segments and the platypus VHD segment.  
Maximum-likelihood tree of the T. m. latirostris TRAD and IgH V segments with the T. m. latirostris and platypus (Ornithorhynchus 
anatinus) VHD segment. The VHD segment branches are highlighted in red and identified with the first letters of their genus and 
species (Tm and Oa). The branch lengths are measured by the number of substitutions per site, as indicated by the scale. Reprinted 
with permission from Breaux, B. et al, 2018. Copyright by Elsevier. 
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Table 3.1. All TR Chain Characteristics. Reprinted with permission from Breaux, B. et al, 2018. Copyright by Elsevier. 
 
 
 
The CDR region lengths of the TRAV and TRDV segments are summarized in 
Table 3.1. The two functional members of the TRDV1 subgroup did not produce results 
for the V-QUEST analysis for either TRD or TRA. Their numbering was inferred based  
on the FR3 numbering of the human and mouse TRDV segments that are not the 
conserved inverted TRDV (Figure A10).  
The functional V segments of the TRAD locus were separated into 32 subgroups 
based on 75% nucleotide identity (Figure A9 and A10). The inclusion of pseudogenes 
(excluding the VHD) increased the number to 47 subgroups, which is equal to opossum 
(47), but more than human (44), mouse (28) and cattle (46). Thirty-six of the T. m. 
latirostris TRADV subgroups grouped with 34 of the 44 human subgroups (77.0%; 
Figure 3.3). Ten T. m. latirostris subgroups were not represented in the human 
repertoire. Six of the 44 human subgroups were not represented in any of the four 
mammalian species compared (13.6%).  
When comparing the locus order of the shared TRADV subgroups between 
human and T. m. latirostris, certain patterns or synteny blocks were revealed. There were  
 
# V # Vψ CDR1 CDR2 CDR3 Subgroups # D # J J AA # C 
TCRA 51 57 5-8 4-8 8-20 44 0 50 18-22 1 
TCRB 40 30 5-6 5-7 8-19 24 2 10 15-17 2 
TCRG 14 2 5-8 8 5-21 4 0 7 16-18 5 
TCRD 3 5 7-8 5-6 8-24 4 1 1 15 1 
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Figure 3.3. Subgroup conservation across eutherian mammals varies by locus.  
This matrix indicates 75% nucleotide identity to human TRADV (A), TRBV (B), and TRGV (C) subgroups for mouse, bovine, 
manatee, and opossum. A red cell denotes 75% identity. Reprinted with permission from Breaux, B. et al, 2018. Copyright by 
Elsevier. 
 
 
 
five TRAD synteny blocks (SBα) that ranged from two to fourteen TRADV segments 
(Figure 3.4). These blocks indicated regions where the shared subgroups between the 
two species maintained the same order in the locus. Each SB occurred once in human, 
but occurred more than once in the T. m. latirostris locus. The multiple duplications of  
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Figure 3.4. TRA has more locus synteny between human and T. m. latirostris than TRB in the V array. A cartoon 
representation of the synteny blocks identified between the human and T. m. latirostris TR loci. Each square represents one 
functional or pseudogene TRADV segment. The synteny blocks (SB) are represented by their color indicated in the table below each 
locus pair. TRADV segments that have at least 75% identity between human a T. m. latirostris, but are not within synteny blocks are 
colored yellow, and TRADV segments that do not share identity between species are in grey. Intergenic sequence is not included. A) 
There are five synteny blocks between human and T. m. latirostris TRA loci. The two locus position synteny groups are: human 
subgroup TRAV1 and T. m. latirostris subgroup TRAV1 (light brown), and human subgroup TRDV3 and T. m. latirostris subgroup 
TRDV4 (dark green). The table indicates the percentage of TRADV segment subgroups that are shared between human and T. m. 
latirostris (all colored squares), TRADV segments within synteny blocks (all colored squares except yellow), TRADV segments not 
within synteny blocks but shared between human and T. m. latirostris (only yellow squares), and TRADV segments not shared (grey 
squares). B) There are three synteny blocks between human and T. m. latirostris TRB loci. There are no locus position synteny 
groups in TRB. The table indicates the percentage of TRBV segment subgroups that are shared between human and T. m. latirostris, 
TRBV segments within synteny blocks, TRBV segments not within synteny blocks but shared between human and T. m. latirostris, 
and TRBV segments not shared. Reprinted with permission from Breaux, B. et al, 2018. Copyright by Elsevier. 
 
 
the synteny blocks in T. m. latirostris generally follow the same order as the human 
synteny blocks (with the exception of the first copies of SB2α, SB1α, and SB5α). 
There was also locus synteny between individual TRADV segment subgroups 
that had similar locus positions and/or functions between species (human, mouse, cattle, 
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and T. m. latirostris). The most 5’ TRAV segment in the locus that is interleaved in the 
olfactory genes in all three species grouped with the human subgroup HuTRAV1, which 
is also the V segment used by mucosal-associated invariant T cells (Figure 3.3 and 3.4). 
The most 3’ TRAV segment before the TRDV segments shares identity between human 
and T. m. latirostris, but not cattle and mouse. The inverted TRDV segment 3’ of the δ 
constant region in all three species shared identity with the human subgroup HuTRDV3.  
Finally, there were T. m. latirostris TRAV segments that had identity with the TRAV 
segments used by the invariant natural killer (iNKT) cells in human (HuTRAV10), 
mouse, and cattle. The human locus had one, mouse had two, cattle had four, and T. m. 
latirostris had two functional TRAV segments (TRAV6-1 and TRAV6-2) in this 
interspecies subgroup. We captured one transcript containing TRAV6-2 in our 
sequencing, and it did not contain any N and P nucleotides between the V and J segment 
(TRAJ42). However, this J segment does not contain the DRG motif seen in human and 
mouse iNKT cell receptor J segments that rearrange with these V segments (Figure 
A11).  
Compared to other species, T. m. latirostris has similar numbers of V segments 
in the TRAD locus (Figure 3.5). Even with the conservative assignment of TRADV and 
TRDV segments, the proportions of both subsections are similar to both human and 
mouse. Cattle have exceptionally high V segment numbers compared to other mammals. 
Trichechus manatus latirostris is unique in their high proportion of pseudogenes (55.0% 
of total V segments), with the second highest proportion in sheep (Ovis aries; 34.8%). 
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3.3.1.3. TRDD segment 
The T. m. latirostris TRD locus contained one typical D segment of 14 bp 
between a 5’ reverse 12-spacer RSS and a 3’ forward 23-spacer RSS. While most 
species have few TRDD segments, T. m. latirostris is the only species to date that has 
one (Figure 3.5). This D segment was identified in the majority (117/130) of TRD 
expressed transcripts with a four contiguous nucleotide identity threshold (Figure A12). 
Only one sequence did not show at least a three contiguous nucleotide identity. There are 
significantly more N and P nucleotide additions 5’ to the D segment than 3’ to the D 
segment (p=7.741e-15). This one D segment is located very close to the TRDJ segment, 
so there may be another D segment 5’ of the identified segment with a less conserved  
 
 
Figure 3.5. T. m. latirostris segmental diversity is average for TRA and TRB, low for TRD and high for TRG compared to 
select other mammals.  
Graphical representation of the varied segmental diversity between species. The y-axis represents the number of genes, and the 
numerical values are indicated above each bar. The genes of the TRAD locus were analyzed as a collective of all V segments broken 
down into their subcategories with the TRA non-V genes and as TRD only. Reprinted with permission from Breaux, B. et al, 2018. 
Copyright by Elsevier. 
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RSS that could not be identified by the program used. There are approximately 22 kb 
between the most 3’ V segment and the TRDD1 segment. The potential rearrangement 
of two D segments (D-D fusion) would explain the 5’ skew for the N and P additions 
and this phenomenon occurs in other species. The CDR3 regions 5’ of the TRDD1 
sequence in expressed transcripts were aligned to the genomic region between the most 
3’ V segment and TRDJ1 to identify potential TRDD segments with cryptic RSSs. 
However, the sequences did not group to any particular region, so we could not identify 
any additional TRDD segments.  
 
3.3.1.4. TRADJ segments 
There were 50 TRAJ segments, two of which were pseudogenes (Figure A11). 
The functional J segments ranged from 18 to 22 amino acids. The nucleotide similarity 
between the TRAJ segments ranged from 29.5-71.9% with an average of 49.3%. The 
other mammalian species compared had roughly 50 TRAJ segments except mouse, 
which has 38 (Figure 3.5). 
There was one TRDJ segment identified in the genome that was 15 amino acids 
long. It was used in all expressed TRD sequences, so it is likely the only TRDJ segment. 
Similar to the TRDD segments, there are few TRDJ segments in the mammalian species 
compared, but T. m. latirostris is the only species with one (Figure 3.5). 
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3.3.1.5. Expression profile 
From 5,668 total sequences, we obtained 164 unique functionally rearranged 
transcripts from four individuals’ PBLs using a TRA constant region primer. These 
transcripts encoded 30 of the 50 functional TRADV segments and 38 of the 48 
functional TRAJ segments. There was one dominantly expressed TRADV segment, 
TRAV3-2, which was expressed in 39.0% of the transcripts; the other 29 TRADV 
segment’s frequency ranged from 9.8-0.6% (Figure 3.6). The TRAJ segment expression 
was more evenly distributed with the most frequent TRAJ segment, TRAJ28, expressed 
in 7.3% of the transcripts. The CDR3 length ranged from 8 to 20 amino acids with an 
average of 12.2 (Table 3.1). 
From 156 total sequences, we obtained 130 unique functionally rearranged 
transcripts from four individuals’ PBLs using a TRD constant region primer. These 
transcripts encoded 8 of the 50 functional TRADV segments, five of which were also 
expressed with the TRA constant region, and the one genomic J segment was found in 
all transcripts. Two TRDV segments dominated expression, TRDV5-1 and TRAV15-4, 
with frequencies of 36.2% and 26.9%, respectively (Figure 3.6). Both of these V 
segments were only expressed with the TRD constant region. The CDR3 length ranged 
from 8 to 24 amino acids with an average of 16.2 (Table 3.1).  
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3.3.2. TRB locus 
3.3.2.1. Genomic organization 
The TRB locus is located on scaffold00093 and spans 433,758 bp from the most 5’ V 
segment leader peptide to the leader of the inverted V segment 3’ of the constant region 
(Figure 3.7). The 5’ end of the locus is flanked by trypsinogen genes (TRY) and 
monooxygenase DBH-like 2 (DBHL), and the 3’ end is flanked by ephrin type-b 
receptor 6 (EPHB6). There are several sequence gaps throughout the locus. The T. m.  
latirostris TRB locus is similar in size to the opossum locus (400 kb) and smaller than 
both human and mouse (approximately 620 kb and 700 kb, respectively). 
 
3.3.2.2. TRBV segments 
The T. m. latirostris TRB locus contained 70 V segments: 40 were functional, 30 
were pseudogene or ORFs. The CDR region lengths of the TRBV segments are 
summarized in Table 3.1. The functional TRBV segments were separated into 19 
subgroups based on 75% nucleotide identity (Figure A13). The inclusion of pseudogenes 
created 24 subgroups, which is fewer than human (33), mouse (31), cattle (31) and 
opossum (28). Eleven of the 24 T. m. latirostris subgroups (42.3%) shared at least 75% 
nucleotide identity to human TRBV subgroups, leaving 14 T. m. latirostris subgroups 
not represented in the human repertoire (Figure 3.3). Seven of the 30 human subgroups 
were not represented in any of the four mammalian species compared (23.3%).  
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Figure 3.6. TRA has high combinatorial diversity while TRD has low combinatorial diversity.  
The expressed A) TRAV and B)TRDV segments are indicated in the rows and the expressed TRJ segments are indicated in the columns. The percent of the total number of expressed 
transcripts that each segment was used is indicated at the end of each row or column. The number of expressed transcripts each V/J combination was observed is indicated in the cells. The 
cells are colored on a scale based on their values: the lowest values are in red, the midpoint values are in yellow, and the highest values are in green. Empty cells indicate combinations that 
were not observed. Reprinted with permission from Breaux, B. et al, 2018. Copyright by Elsevier. 
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Figure 3.7. The TRB locus is moderately complex.  
The T. m. latirostris TRB locus is located on genomic scaffold00093. The numbers along each line indicate nucleotide position in the 
scaffold. The color coding is as follows: medium blue blocks are functional TRBV segments, grey are pseudogene TRBV segments, 
purple are TRBD segments, pink are TRBV J segments, and green are TRBC regions. V segments are numbered by subgroup and 
chronological order within the locus. The points on the blocks indicate transcriptional orientation.  Reprinted with permission from 
Breaux, B. et al, 2018. Copyright by Elsevier. 
 
 
 
   
 When comparing the locus order of the shared TRBV subgroups between human 
and T. m. latirostris, synteny blocks were revealed similar to the TRA locus. There were 
three beta synteny blocks (SBβ) that ranged from two to nine TRBV segments that 
appear in different copy numbers in each species (Figure 3.4). The multiple copies of the 
synteny blocks group together in the locus. Interestingly, the human and T. m. latirostris 
TRB loci both have regions of multiple copies of three V segments, but the subgroups 
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involved are not the same. The only positional locus synteny in the TRB locus is with 
the inverted HuTRBV30 downstream of the D-J-C clusters, which showed identity to the 
mouse and cattle TRBV segments of that position, but not to T. m. latirostris.  
 Compared to other mammalian species, T. m. latirostris had an intermediate 
number of V segments (Figure 3.5). There was a broad range in the number of TRB V 
segments between species. Similar to TRA, cattle have an exceptionally high number of 
V segments (79), followed by human (48) and T. m. latirostris (40) with nearly half the 
amount of cattle. Mouse (22), opossum (27), and dog (Canis familiaris; 20) have nearly 
half the amount of V segments of T. m. latirostris. While pseudogene numbers are 
typically high for TRB, the proportion of functional to pseudogene V segments is high in 
T. m. latirostris (42.9%), surpassed only by dog (45.9%). 
 
3.3.2.3. TRBD segments 
The two D-J-C clusters each have one TRBD segment that share 69.2% 
nucleotide identity: TRBD1 is 13 nucleotides long, and TRBD2 is 15 nucleotides long. 
Each of the TRBD segments were flanked by a 5’ reverse orientation 12-spacer RSS and 
a 3’ forward orientation 23-spacer RSS. All species compared shared the one TRBD 
segment per D-J-C cluster arrangement, however cattle had three clusters and opossum 
had four. 
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3.3.2.4. TRBJ segments 
The TRBJ segments were split between two D-J-C clusters: six in cluster 1, and 
four in cluster 2. The lengths ranged from 14 to 17 amino acids (Figure A14). The 
similarity between the J segments ranged from 71.4% to 42.2% with an average of 
57.3% overall. The average percent identity within clusters was not significantly 
different from identity between clusters (p=0.1216). The number of J segments is 
relatively similar between species, with the exception of cattle and opossum that have  
 
 
Figure 3.8. TRB combinatorial diversity is skewed to a few V-J Combinations.  
The expressed TRBV segments are indicated in the rows and the expressed TRBJ segments are indicated in the columns. The percent 
of the total number of expressed transcripts that each segment was used is indicated at the end of each row or column. The number of 
expressed transcripts each V/J combination was observed is indicated in the cells. The cells are colored on a scale based on their 
values: the lowest values are in red, the midpoint values are in yellow, and the highest values are in green. Empty cells indicate 
combinations that were not observed. Reprinted with permission from Breaux, B. et al, 2018. Copyright by Elsevier. 
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more than two D-J-C clusters (Figure 3.5). 
 
 
3.3.2.5. Expression profile 
From 4,095 total sequences, we obtained 490 unique functionally rearranged sequences 
between the four individuals’ PBLs using a TRB constant region reverse primer. These 
transcripts encoded 29 of the 40 functional V segments and all 10 of the functional J 
segments. The two most dominantly expressed V segments were TRBV13-2 at 13.1% 
and TRBV20-1 at 14.9% (Figure 3.8). Two J segments dominated expression: TRBJ1-2 
with 25.5% and TRBJ 2-1 with 19.0%. Considering only the sequences that were 
assigned one D segment, 80.7% used TRBD1 and 19.3% used TRBD2 (Figure A15). 
There were 163 of the sequences that did not pass the threshold of five contiguous 
nucleotides similar to either D segment, and could therefore not be assigned a D segment 
with confidence. The confirmed D-D fusions made up 6.3% of the total sequences 
(Figure 3.9). The CDR3 length ranged from 8 to 19 amino acids with an average of 12.6 
amino acids (Table 3.1). 
Both of the D segments can rearrange with J segments from both clusters (Figure 
A15). Of the 238 transcripts that contained TCRBD1, 71 (29.8%) rearranged with cluster 
2 J segments. Of the 58 transcripts that contained TCRBD2, 12 (20.7%) rearranged with 
cluster 1 J segments. The D-D fusions could rearrange with both J clusters, regardless 
the order of the TRBD segments (Figure 3.9). There were 20 more transcripts containing 
evidence for D-D fusions, but they did not pass the threshold requirements.  
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Figure 3.9. TRB can form D-D fusions in both 5’ and 3’ directions.  
A list of CDR3 sequences from expressed TRB transcripts that exhibit D-D fusions with J segments from DJC Cluster 1 and 2. The 
sequence highlighted in blue is derived from TRBD1 and the sequence highlighted in green is derived from TRBD2. The sequences 
are divided into four groups: D1-D2-J Cluster 1; D1-D2-J Cluster2; D2-D1-J Cluster 1; D2-D1-J Cluster 2. Reprinted with 
permission from Breaux, B. et al, 2018. Copyright by Elsevier. 
 
  
3.3.3. TRG locus 
3.3.1. Genomic organization 
The T. m. latirostris genome assembly only covers a few regions of the TRG 
locus, so the genomic organization is largely undetermined (Figure 3.10). The 5’ end of 
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the locus is located on scaffold00114, identified by the presence of amphiphysin, which 
flanks the TRG locus in other mammals. This scaffold is 9,676,305 bp long; however, 
the region 3’ of amphiphysin is only 50,580 bp and contains one functional TRGV 
segment and one pseudogene TRGV. Another functional TRGV segment is located on 
contig164298, which is 1,722 bp long. Two scaffolds contain one TRGJ segment each: 
scaffold01250 at 7,715 bp and scaffold01597 at 6,351 bp. Finally, while no constant 
regions were identified on a genomic scaffold, a TRG transmembrane region was 
identified on scaffold03157, which is 3,598 bp long.  
 
 
Figure 3.10. The TRG locus is poorly assembled. Small pieces of the T. m. latirostris TRG locus is located on five genomic 
scaffolds. The numbers along each line indicate nucleotide position in the scaffold. The color coding is as follows: medium blue 
blocks are functional TRGV segments, grey are pseudogene TRGV segments, pink are TRGV J segments, and brown are TRG 
transmembrane regions. V segments are numbered by subgroup. The points on the blocks indicate transcriptional orientation.  
Reprinted with permission from Breaux, B. et al, 2018. Copyright by Elsevier. 
 
 
 
3.3.3.2. TRG constant regions 
Five Ig domains and five connecting peptides were identified in expressed 
transcripts using a reverse primer specific for the transmembrane region identified in the 
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genomic assembly (Figure A16). The five Ig domains are all 109 amino acids long and 
share 92.0-99.1% nucleotide identity. One of the Ig domains, TRGC4, has two splice 
variants that are 91 and 65 amino acids long due to alternative splice sites that truncate 
the domain at the 5’ end identified in functionally rearranged transcripts. The 91 amino 
acid splice variant was seen in two individuals and in 2.66% of the total transcripts, 
while the 65 amino acid splice variant was seen in one individual and in 0.52% of the 
total transcripts.  
The relationship between Ig domains and connecting peptides (CP) is not 1:1; 
some connecting peptides were expressed with more than one Ig domain and some Ig 
domains with more than one connecting peptide (Figure 3.11). The connecting peptides 
range in size from 26 to 59 amino acids. The connecting peptide that splices with 
TRGC4 (TRGCP4) also has a splice variant that is 11 amino acids longer than the more 
frequently used variant (11.66% vs 43.15%). Both connecting peptide variants are 
expressed with all three TRGC4 splice variants. The transmembrane region sequence for 
all the constant regions are identical, but because some of the connecting peptide is 
encoded in the same exon as the transmembrane region, the transmembrane region 
captured by the genomic scaffolds belonged to TRGCP1.  
   
3.3.3.3. TRGV segments 
Combining the TRGV segments identified in the genomic scaffolds and 
expressed transcripts, 16 TRGV segments were identified: 14 functional and 2 
pseudogenes. The CDR region lengths of the TRGV segments are summarized in Table 
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3.1. The functional TRGV segments could be separated into three subgroups based on 
75% nucleotide identity (Figure A17). The inclusion of the pseudogenes created four 
subgroups. This is comparable to human (4) and mouse (5), but fewer than cattle (10) 
and sheep (11). Only one of the four manatee subgroups had at least 75% identity to any 
human TRGV subgroup, and three of the four human subgroups were not represented in 
any of the species compared (75%; Figure 3.3). Due to the lack of sequence similarity to 
human and the lack of the genomic organization for T. m. latirostris, locus synteny was 
not analyzed for the TRG locus.  
Even with the incomplete genomic data, manatees have an above average 
number of TRGV segments compared to other species (Figure 3.5). Considering the 
species with known circulating γδ T cell proportion, the γδ “low” species (human and 
mouse) had approximately half the number of TRGV segment of the γδ “high” species 
(cattle and sheep). The T. m. latirostris TRGV numbers are intermediate to the two γδ 
“high” species, but no work has yet been done to determine their proportion of 
circulating γδ T cells. 
 
3.3.3.4. TRGJ segments 
There were seven TRGJ segments identified in sequence, two of which were found on 
genomic scaffolds (Figure A18). The TRGJ segments can be separated into two identity 
groups: TRGJ1, TRGJ2, TRGJ3, and TRGJ4 share 90.7-98.1% identity, whileTRGJ4, 
TRGJ5, and TRGJ6 share 85.4-97.8% identity. Between the two groups, the highest 
identity is 53.3%. Similar to the TRGV segments, there are more TRGJ segments in the 
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γδ “high” species; however, T. m. latirostris fell between the “high” and ‘low” groups in 
TRGJ segments (Figure 3.5). There may be more TRGJ segments that are not yet 
sequenced by either expression or genomic scaffolds. 
 
 
 
Figure 3.11. TRG constant region and connecting peptide regions have variable expression patterns.  
Cartoon representations of the TRG constant region and connecting peptide configurations seen in expressed transcripts. The Ig 
domain constant region is Exon 1 (E1), the connecting peptide predicted exons are E2A, E2B, and E2C, and the connecting peptide 
and transmembrane exon is E3. Cysteine residues are indicated by yellow bars and possible N-linked glycosylation sites are indicated 
by lollipops. Regions of the same color indicate constant region-connecting peptide combinations that are seen most frequently. 
Reprinted with permission from Breaux, B. et al, 2018. Copyright by Elsevier. 
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3.3.3.5. Expression profile 
From 2,579 total sequences, we obtained 338 unique functionally rearranged 
TRG transcripts between the four individuals’ PBLs using the TRG transmembrane 
reverse primer. The expressed transcripts contained 14 functional TRGV segments and 
seven TRGJ segments. The TRGV segment with the highest expression level was 
TRGV3-3, which was expressed in 49.0% of the transcripts (Figure 3.12). The 
remaining TRGV segments were expressed in 7.2-0.3% of the transcripts. The TRGJ 
segment that dominated expression was TRGJ5, which was expressed in 53.9% of the 
transcripts. The remaining TRGJ segments were expressed in 10.1-1.3% of the 
transcripts. Of the transcripts expressing TRGV3-3, 97.4% of the were rearranged with 
TRGJ5. The CDR3 length ranged from 5 to 21 amino acids with an average of 10.56 
(Table 3.1). 
Since the TRGV and TRGJ combinations did not reveal any pattern to suggest a 
hypothetical genomic organization, we looked at the TRGJ and TRGC combinations 
(Figure 3.12). While there were some exceptions, some general patterns arose: TRGJ2 
spliced to TRGC1, TRGJ1 and TRGJ6 spliced to TRGC3.1, TRGJ3 spliced to TRGC3.2, 
TRGJ4 and TRGJ7 spliced to TRGC2, and TRGJ5 spliced to TRGC4.  
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Figure 3.12. TRG combinatorial diversity is dominated by one TRGV/TRGJ combination. The expressed TRGV segments are 
indicated in the rows and the expressed TRGJ segments are indicated in the columns. The percent of the total number of expressed 
transcripts that each segment was used is indicated at the end of each row or column. The number of expressed transcripts each V/J 
combination was observed is indicated in the cells. The cells are colored on a scale based on their values: the lowest values are in red, 
the midpoint values are in yellow, and the highest values are in green. Empty cells indicate combinations that were not observed. 
Reprinted with permission from Breaux, B. et al, 2018. Copyright by Elsevier. 
 
 
3.4. Discussion 
3.4.1. Chain-specific features that determine functional differences 
Although these four antigen receptor genes are created by the same genomic 
rearrangement mechanism and have the same basic function, they use different strategies 
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to create diversity that gives each chain a different niche. Due to the evolutionary 
position of T. m. latirostris in the basal clade of Eutheria, it is possible that these features 
that are similar to human are shared by most other eutherians (Foley et al. 2016).  
TRA has the highest number of V and J segments and the most diverse V and J 
segments in sequence identity. This combinatorial diversity was also seen in the 
expressed transcripts, with the most frequent V and J combination only comprising 4.3% 
of the sequenced repertoire. The TRA CDR3 lengths are comparable to TRB despite not 
using any D segments. This is achieved by having the longest J segments of any chain 
(Rock et al. 1994). This increases binding diversity in the CDR3α that interacts with the 
peptide within the MHC binding cleft (Jorgensen et al. 1992). However, it is limited to 
genomically encoded CDR3 diversity because there is very little N and P addition. 
TRBV and TRBJ segments are less numerous and sequence diverse than TRA, but TRB 
has the ability to create diverse CDR3 in a non-genomically encoded way. While one 
TRBV and J combination did not dominate expression, there were ten combinations that 
were more frequent than the others that comprised 27.8% of the repertoire, seven of 
which used the same two TRBV segments. Therefore, there seems to be selection for 
certain TRBV segments that may bind the T. m. latirostris MHC alleles with higher 
affinity since TRB is more responsible for binding MHC than TRA (Luz et al. 2002). 
The addition of a D segment increases the amount of random N and P addition, and the 
TRB chain can create D-D fusions in both upstream and downstream order with J 
segments from either cluster.  
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While the TRD chain may rearrange with more V segments in the TRAD locus 
than we identified, TRD used considerably fewer V segments than the TRA constant 
region in expressed transcripts, half of which were from the same TRADV subgroup. 
The number of V segments that can rearrange to TRD may be underestimated due to the 
small number of sequences obtained. While the same concentration of cDNA amplicon 
was included in the pooled sample for the PacBio SMRT library preparation, it did not 
receive the same coverage as the other chains. However, similar expression patterns 
were observed across all four individuals, so other TRDV segments would likely have 
low expression rates. There are usually some TRD-specific V segments between the pool 
of TRADV and the TRDD segments, but this subset in T. m. latirostris were all 
pseudogenes (Glusman et al. 2001, Parra et al. 2008, Parra and Miller 2012). The 
segmental diversity was also limited to only one TRDD and TRDJ, which is the most 
limited TRD segmental diversity we know of to date in mammals. Two V and J 
combinations dominated expression with 63.1% of the repertoire. However, the TRD-
only V segments had the longest average CDR1 of the four chains, and the average 
CDR2 length was significantly longer than human, mouse, and sheep TRDV. The TRD 
CDR3 region was also longer on average than the other four chains due to extensive N 
and P addition rather than D-D fusions as seen in other species (Piccinni et al. 2015, 
Uenishi et al. 2009). Therefore, the TRD CDR3 has even more non-genomically 
encoded CDR3 diversity than TRB and can extend further beyond the planar structure of 
the paratope than the other chains. The TRGV have the longest average CDR2 of the 
four chains, but also the shortest average CDR3 length since it does not have a 
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compensatory mechanism for the lack of D segments. The TRG repertoire had one V 
and J combination that comprised 47.7% of the repertoire, which is the highest 
frequency of a single V-J pair in any of the chains. The lower combinatorial diversity is 
consistent with the temporal/spatial segregation of γδ T cells seen in other species 
(Asarnow et al. 1988, Triebel et al. 1988). However, there is still enough expressed 
diversity from the T. m. latirostris circulating T cells from PBLs to identify above 
average V segment numbers in lieu of genomic locus assembly.  
The TRD and TRG CDR3 length inequality is more similar to the Ig heavy and 
light chain, whereas the CDR3s of TRA and TRB are more equal, which is similar to the 
patterns seen in human and mouse (Rock et al. 1994). This may indicate that recognition 
of both self classical-MHC and foreign peptide restrains the TRB CDR3 length to 
maintain close contact of all CDRs to the MHC-peptide complex. The γδ T cells can 
recognize various epitopes like haptens and non-classical MHC that do not present 
antigen at all, such as MICA and T22 (Wingren et al. 2000, Zeng et al. 2014). The γδ T 
cells are able to recognize ligands in various ways that rely on different CDRs and are 
not limited to maintain one configuration (Xu et al. 2011). The conservation of these 
antigen recognition patterns indicates the maintenance of specific immunological roles 
for these two heterodimer receptors across evolution.  
 
3.4.2. Influence of genomic organization on evolution 
Not only do the gene segments of each chain have specific features that align 
with their individual niches, but the genomic organization of each chain has also 
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influenced the way the loci have evolved over the mammalian timeline that correlates to 
their individual functions. The antigen receptor loci create V segment diversity through 
“birth-and-death” evolution resulting from extensive duplication events (Su and Nei 
2001). Duplications of V segment regions termed homology units have been identified in 
the TR loci of human, mouse, and cattle (Connelley et al. 2014, Glusman et al. 2001, 
Rowen et al. 1996). However, homology units between species have not been identified 
previously. By comparing human and T. m. latirostris TR loci, we identified conserved 
synteny blocks of certain V subgroups between the two species. Due to the T. m. 
latirostris position in eutherian evolution, these synteny blocks can be considered a 
characteristic of the ancestral eutherian progenitor.  
The most conserved TR locus in sequence similarity and gene order is the TRAD 
locus. Even among species that encounter vastly different pathogens such as human and 
T. m. latirostris, the majority of their V segments have at least 75% identity with the 
other species. This level of sequence conservation could be maintained because T cells 
tend to recognize internal epitopes that are more conserved across strains of viruses or 
species of bacteria than the external epitopes recognized by antibodies (Wahl et al. 
2009). Not only does the TRAD locus have more V segments that are within synteny 
blocks, but there are also more V segments with inter-species subgroup identity outside 
those blocks than the TRB locus. Therefore, the TRAD locus is more maintained as a 
whole than the TRB locus. The TRAD locus has a complex structure that is maintained 
at the 5’ end by the olfactory genes and the 3’ end by the nested TRD locus. There are 
also complex regulatory features such as promotors and chromatin-folding motifs that 
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orchestrate the exclusive and shared V segment rearrangement between the two constant 
regions (Hawwari and Krangel 2005). The TRAV segments also have more exclusivity 
of use for certain T cell subtypes. For example, there is one invariant TRAV-TRAJ 
combination used for the iNKT cell, where the TRB chain is not invariant, but limited 
(Porcelli et al. 1993). There is also exclusive use of the TRAV1 segment in mucosal 
associated invariant T (MAIT) cells, while the TRB chain is oligoclonal (Reantragoon et 
al. 2013). The need to maintain this complex organization and specific functions may 
explain the observation of long-range duplications that contain several synteny blocks in 
the TRA locus versus the short-range duplications of individual synteny blocks seen in 
the TRB locus.  
The TRB locus is less complex and has less locus synteny than the TRAD locus.  
There are fewer synteny blocks in the TRB locus, and two of the three blocks only 
contain two V subgroups. The longest block, SBβ3, is also more fragmented and less 
consistently maintained than the longest TRA block, SBα5. There is also less locus 
position synteny than the TRAD locus. The overall TRB locus is less complex than the 
TRAD locus, but there is some maintenance of locus structure across species concerning 
the D-J-C clusters. These clusters have been identified in most studied mammals and 
avians, and there is evidence of multiple TRBC regions in teleosts (Kamper and 
McKinney 2002, Yang et al. 2017). Therefore, it is not surprising that the greatest extent 
of V segment subgroup conservation is seen in the more 3’ end of the locus closest to the 
D-J-C clusters.  
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It can be surmised that the structure of the TRADV locus is more important to 
maintain than the TRB and TRG loci, and therefore has less freedom to diverge. This 
could be due to the complex regulation of V segment expression between the TRA and 
TRD constant regions, the more specific use of certain TRAV segments for specific 
functions, or a lesser contribution of the TRAV segment in MHC recognition, which 
puts less selective strain on the locus to co-evolve with MHC. The TRB locus is less 
constrained to maintain a complex locus structure, and can therefore diverge and select 
for TRBV segments that complement the MHC alleles that are specific to each species. 
This may be the reason the TRB is more involved in MHC binding than TRA (Luz et al. 
2002). This coevolution could also explain the increased proportion of pseudogenes 
observed in the TRB locus in all mammals (Parra et al. 2008) 
The TRG locus is the least conserved in subgroup identity and in locus 
organization. Even amongst mammals, there are variations in numbers of constant 
regions, numbers of distinct loci, and the way regions cluster (no clusters, J-C clusters, 
or V-J-C clusters). The degree of species specificity could indicate limited functional 
conservation between species. There is still very little that is understood about γδ T cells, 
even in human and mouse. There is even less understood about the similarities and 
differences between γδ T cell roles in γδ high (cattle and sheep) vs γδ low species 
(human and mouse). Additional functional data is needed between species to understand 
the consequence of minimizing locus organization maintenance across species.  
 Although the TRG locus is not yet assembled, we can make some assumptions 
based on the expressed transcripts. While there are no strong expression patterns 
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between The TRGV segments and the TRGC regions, there are patterns between the 
TRGJ segments and TRGC regions. This hints at a multi-cluster organization that has 
several copies of the same V segment sequence in different clusters. This is also seen in 
the high TRGV/J combinatorial diversity in T. m. latirostris, which is typically restricted 
in other species by within-cluster diversity with few inter-cluster rearrangements 
(Pereira and Boucontet 2004). Each TRGJ segment has one TRGC region that dominates 
its expression, but it is not an exact 1:1 ratio. Both TRGC4 and TRGC3.2 have exclusive 
J-C pairings, but TRGC1, 2, and 3.1 do not. It is unclear whether each J-C pairing is its 
own cluster or if there are multiple TRGJ segments per cluster. However, multiple 
clusters using the same Ig constant domain could explain the discrepancies between the 
constant domain and connecting peptide combinations seen in the expressed transcripts. 
Having multiple clusters with similar gene segments could explain why this locus did 
not assemble well by Illumina short read assembly.  
 We attempted to determine phylogenetic relationships between the V segments 
of mammalian species, similar to the clan system used in the Ig genes. Previous papers 
have used this analysis to determine V segment groups shared between species. 
However, the number of groups changes depending on the number of species included in 
the analysis (Connelley et al. 2014, Su et al. 1999). The most thorough of these studies 
defined groups for each chain by including Monodelphis domestica V segments with 
human, mouse, cow, sheep, chicken, and rabbit (Parra et al. 2008). Our attempts to 
recreate the phylogenetic groups with the addition of the T. m. latirostris V segments 
were unsuccessful; we observed inconsistent tree topography and low bootstrap values to 
 110 
 
support these groups (data not shown). We also attempted to use phylogenetic 
relationships to support our analysis of subgroup conservation by 75% nucleotide 
identity (Figure A19-A21). While conservation patterns were supported in most cases, 
some nodes were unresolved or had low bootstrap values. The inconsistency of strong 
phylogenetic relationships for the TR genes could be due to higher divergence in 
sequence than we see for the Ig genes. For example, the human IgHV are separated into 
10 subgroups, while the human TRADV are separated into 44 subgroups. Therefore, we 
relied on nucleotide identity and locus synteny to determine evolutionary relationships 
over the phylogenetic trees.  
 
3.4.3. VHD in jawed vertebrates 
 While it is not functional, this is the first time that a VHD remnant has been 
identified in a eutherian mammal. These Ig-like V segments that are expressed with the 
TRD constant region are seen throughout jawed vertebrates, but are missing in some 
evolutionary radiations. They are present in shark, they seem to have been lost in 
teleosts, but are present in amphibians (Criscitiello et al. 2010, Parra et al. 2010, Seelye 
et al. 2016). In birds, some species (zebra finch) have a VHD in their TRAD locus, while 
some (chicken and turkey) have a VHD in a TRD locus separate from the TRAD locus 
(Parra et al. 2012b). They are present in some marsupials (present in platypus, but not in 
opossum), which also have a separate TR chain (TRM) that rearranges a Ig-like V 
segment and a fused Ig-like V-J segment to a TRD-like constant region (Parra et al. 
2008, Parra et al. 2012a). A functional VHD or evidence of a TRM locus has yet to be 
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identified in a eutherian mammal. The VHD segment seems vulnerable to translocation 
and loss, which may be a result of being located in the dynamic region between the pool 
of TRADV segments and the often-deleted nested TRD locus. The identification of this 
VHD remnant leads to the possibility that this V segment may be present as a functional 
component in an afrotherian or a xenarthran that has yet to be studied.  
 
3.4.4. Conclusions 
 Comparative analysis of these complex loci is essential for understanding the 
evolutionary forces that have shaped and maintained them to fulfill specific functions. If 
we just look at human and mouse, we only get a snapshot of the current state of these 
loci, but nothing of the evolutionary process to get there. Mouse is not an ideal 
comparison to human because there is very little subgroup identity between the two 
species. Cattle have maintained more sequence similarity, but their TR loci have 
expanded greatly, which makes genomic comparison more difficult to perform. Cattle 
are also within Boreoeutheria, so they are less informative of evolutionary history. 
Marsupials and eutherians share almost no subgroup identity, which also makes them 
difficult to compare. However, T. m. latirostris is a part of Afrotheria, one of the more 
basal clades of eutherian mammals. They also have maintained similar number of 
functional V segments, similar number of subgroups, and sequence similarity to human, 
which provided the opportunity to compare subgroup order. This revealed locus synteny 
blocks that had not been identified before. With this new information, we can predict 
ancestral patterns for all eutherians that could be informative of features that are 
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important for maintaining individual chain function in earlier vertebrates that do not 
share the same locus organization. 
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CHAPTER IV 
CONCLUSIONS 
 
4.1. Comparative diversity 
4.1.1. Ig and TR V segment diversity patterns 
 There are striking differences in the way that IgH, TRA, TRB, TRD, and TRG 
create diversity using the same recombination mechanisms. All antigen receptor chains 
can be divided into chain-specific subgroups based on 75% nucleotide identity. IgH, 
TRD, and TRG subgroup diversity is typically much lower than TRA and TRB across 
species. Most species have a range of 3-16 IgHV subgroups, while the range for TRAV 
subgroups is 20-45 and the range for TRBV subgroups is 25-35, so the TRA and TRB 
chains have more diverse nucleotide sequence between their V segments. However, the 
number of V segments for IgH, TRA, and TRB are similar. For example, humans have 
44 functional IgHV, 42 TRAV, and 48 TRBV. Therefore, the TRA and TRB V segments 
are more diverse than the IgH V segments because the same number of V segments can 
be divided into more subgroups. The TRDV subgroups are more difficult to distinguish, 
but are generally fewer than five subgroups; the TRGV subgroups are limited to a range 
of 4-10. Although IgH and TRG are similar in V subgroup number, IgH typically has 
more total V segments than TRG. For example, humans have 44 functional IgHV in ten 
subgroups, but only six functional TRGV in six subgroups. Therefore, IgH has more 
within-subgroup diversity than IgH may have many more-similar V segments because 
somatic hypermutation alleviates the need for genomically encoded diversity. The TRA 
 117 
 
and TRB chains may also need to be more diverse because they have to differentiate 
between small, linear peptides whereas Ig has more access to various conformational 
antigenic signatures on a pathogen. Conversely, the TRD and TRG chains also see 
conformational epitopes, but tend to serve specific roles in the immune system, and 
therefore do not require as much diversity.  
 The general patterns seen in most mammals studied are not present in T. m. 
latirostris. There are 44 IgHV subgroups, but only 13 functional V segments. This is 
almost the inverse of what is seen in both human and elephant, so this phenomenon is 
not an afrotherian trait. However, this lack of diversity is not seen in the TCR genes. In 
fact, T. m. latirostris had either average (TRA and TRD) or above average (TRB and 
TRG) V segment numbers for all four chains compared to other mammals. While not to 
the same extent, this is similar to the pattern seen in the bovine antigen receptor genes. 
The cattle functional IgHV are limited in number and subgroup diversity, but their TR 
loci are expanded and have the most V segments seen in mammals for all four chains. 
This pattern does not appear in all IgHV-low species though. For example, sheep also 
have limited IgHV segments, but tend to have slightly below average TR V segment 
numbers. Even closely related species like cattle and sheep or manatees and elephants 
can be vastly different in the antigen receptor loci, so it is difficult to determine if the Ig 
and TR genes have any evolutionary influence over each other. 
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4.1.2. Ig and TR V segment comparison between species 
 Comparing V segment sequence conservation between species is a useful tool for 
identifying evolutionary patterns, but different methods should be used for Ig and TR. 
For the IgH and IgL genes, the V segments have low subgroup diversity and fall out into 
phylogenetic clans consistently across species. While the clans are not the same across 
different classes of vertebrates, within each vertebrate Class the clans have been well-
defined and new species IgV segments are easily categorized (Andersson 1995). This is 
not the case for TRV. Various studies have attempted to determine mammalian TR 
clans, but the number of resulting phylogenetic clades changes depending on which 
species you include in your analysis (Connelley et al. 2014; Parra et al. 2008; Su et al. 
1999). In a manuscript comparing the Bos taurus TRADV segments to human and 
mouse, four groups were formed (Connelley et al. 2014). However, when the T. m. 
latirostris sequences were included, bootstrap values were reduced and some TRADV 
did not fall into the four groups (Figure A23). Group 2 in the B. taurus analysis also only 
had a bootstrap value of 13%, which was also seen in Group 2 in the phylogeny with T. 
m. latirostris; the B. taurus manuscript also did not include the human subgroups that 
only contained pseudogenes. The inclusion of Monodelphis domestica TR genes seemed 
to strengthen the analysis and made more groups that could be used to characterize the 
TRV of other species (Parra et al. 2008). However, when I included the T. m. latirostris 
sequences and expanded the number of B. taurus sequences included, the bootstrap 
threshold of 89% set by the M. domestica study was not met for many of the defined 
groups, and tree topology was not consistent between consecutive phylogenies with the 
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same input (Figure A24). I also noticed that certain V segments from M. domestica that 
did not fit well into the groups were not included in the phylogeny in the manuscript. 
This lack of consistency across papers makes this method problematic. The TRA and 
TRB genes may be too V subgroup diverse to be categorized in this way; there is too 
little TRGV subgroup conservation so most of the TRGV segments group by species 
rather than making inter-species clades. It is more appropriate to look at subgroup-level 
conservation for each chain than phylogenetic relationships.  
 In Chapter 3, we discovered a new method to look at inter-species conservation 
by looking at V subgroup order in the locus. The antigen receptor loci diversify through 
birth-and-death evolution, which involves many duplications. Therefore, it seems likely 
that the gene order would be random and species specific. By identifying patterns in the 
order of the shared subgroups, we showed evidence of maintenance of the TRA and 
TRB loci between two species whose most recent common ancestor was 105 million 
years ago. We were unable to perform this analysis on the TRG locus because the locus 
is not well assembled; however, due to the lack of subgroup identity and general locus 
organization conservation, this analysis would likely be unsuccessful regardless of the 
locus assembly. This analysis was also unsuccessful for the IgH locus (Figure A22). No 
patterns in V subgroup order were identified between human and T. m. latirostris despite 
high subgroup conservation (9/10 human subgroups shared with T. m. latirostris). This 
follows the pattern seen in the TR loci that increased locus complexity correlates to 
increased subgroup synteny. The IgH locus is not interrupted by olfactory genes at the 5’ 
end, does not have a nested internal locus, and does not have as complex regulatory 
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features of the TRAD locus. It also does not have the clustered organization at the 3’ end 
of the locus like the TRB locus. It has a simple V-D-J organization and the different 
constant regions are regulated by CSR rather than V-specific regulatory features. This 
also follows the pattern seen with TRG where the lack of classical MHC-restriction 
correlates with the lack of locus synteny. Since the BCR and γδ TR have a wider range 
of epitopes they can recognize, there is less control on maintaining the locus 
organization. Therefore, the locus synteny analysis perhaps is not appropriate for the Ig 
or TRG loci.  
 
4.1.3. Similarities between γδ TR and Ig 
 Although γδ T cells and B cells have different roles in the immune system, their 
antigen-recognition receptors share characteristics that the αβ TR does not. As 
previously stated, γδ T cells and B cells have lower subgroup diversity and less inter-
species locus conservation. Additionally, neither Ig nor γδ TR are MHC restricted; they 
can both recognize membrane-bound proteins and free antigens (Wingren et al. 2000; 
Zeng et al. 2014). This shared feature correlates to their similar receptor structure. The Ig 
heavy and light chain CDR3 regions are different: the light chain is typically 
considerably shorter than the heavy chain (Rock et al. 1994). This is also seen in the γδ 
TR, where the γ chain is shorter than the δ chain (Rock et al. 1994). This is not the case 
for the αβ TR because the TRAJ segments are longer on the 5’ end than the other chains’ 
J segments, which compensates for their lack of a D segment (Rock et al. 1994). 
Therefore, the CDR3 lengths are more equal for the α and β chains.  
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On average, the TRD CDR3 is longer than the IgH CDR3 because the RSS’s are 
oriented differently. The TRDD segments have a 5’ 12-RSS and a 3’ 23-RSS so it can 
form D-D fusions, where the IgHD segments have a 12 RSS on both sides and cannot 
(Ohm-Laursen et al. 2006). In T. m. latirostris, the TRD CDR3 are still longer on 
average (16.24 amino acids) than IgH (13.4 amino acids) despite having only one TRDD 
segment. Therefore, there is either more than one D segment that could not be identified 
in the genome or the expressed transcripts, or the N and P nucleotide insertions are 
higher than normal for TRD. Interestingly, the TRBD segments also form D-D fusions, 
but the CDR3 length is not as long as the TRD CDR3 despite their D segments being 
similar lengths. While the cause is not known, this difference in CDR3 length could be a 
result of variable TdT or exonuclease activity due to their rearrangement order in the 
developing T cell: TRD is first, then TRG, TRB, and TRA is last (Joachims et al. 2006). 
It is not a result of the positive and negative selection process; TRB CDR3 lengths are 
not different before and after maturation (Hughes et al. 2003). This is a feature seen in 
other mammalian species, so the cause of this length discrepancy should be further 
investigated (Rock et al. 1994). 
 
4.2. High proportion of pseudogenes 
 Pseudogenes are an unavoidable consequence of the birth-and-death model of 
evolution that the adaptive antigen receptor loci experience (Su and Nei 2001). One 
feature that is consistent across the T. m. latirostris antigen receptor loci is high 
proportions of pseudogenes. In the TRAD locus, T. m. latirostris had the highest 
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proportion of pseudogene TRAV segments with 12.8% higher than the other species 
compared; in the TRB locus, the pseudogene proportion in T. m. latirostris was only 
surpassed by the dog, which has less than half the number of total TRBV segments. 
Even with the limited amount of genomic data, we found two pseudogenes in the TRG 
locus. In the IgH locus, there were 126 pseudogenes compared to only 13 functional 
IgHV segments. These pseudogenes might be a result of improper assembly of these 
highly repetitive loci. However, in sequencing expressed transcripts from all four TR 
chains and the IgH chain, only one genomic pseudogene was determined to be a 
misassembled functional V segment in the TRAD locus. Therefore, it is plausible that 
the high pseudogene proportions are real.  
The cause of these high pseudogene proportions is unknown. The high 
pseudogene proportion in the IgH locus could indicate the use of gene conversion, like in 
rabbit and chicken. However, no evidence was found in the expression analysis of gene 
conversion being used as a diversification method. It is also less likely since high 
pseudogene proportions were seen throughout all the antigen receptor loci, not just the 
IgH locus. We can only speculate that the transition from a terrestrial to a marine 
environment caused mass duplication to combat new pathogens, which lead to mass 
pseudogenization. However, this phenomenon is not observed in the dolphin antigen 
receptors (Linguiti et al. 2016). Both sirenians and cetaceans transitioned to an aquatic 
environment in the Eocene, and have therefore had similar evolutionary time to adapt to 
the aquatic lifestyle (Gingerich et al. 1994). This discrepancy between the apparent 
selective pressures could explain the discrepancy in their immune robustness. In areas of 
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Florida where both bottlenose dolphins and manatees inhabit, bottlenose dolphins 
succumb to several infectious diseases like morbillivirus while the Florida manatee does 
not despite evidence that they are exposed to it (Duignan et al. 1995; Van Bressem et al. 
2014). Therefore, these duplication events in the Florida manatee may provide some 
immune advantage from marine pathogens that did not occur in other marine mammals.  
Interestingly, there was higher subgroup maintenance of the pseudogene 
sequences of the TRV than the IgHV. The 139 total IgHV fall into 44 subgroups, where 
human and mouse only have 10 and 16, respectively. Therefore, the pseudogenes 
diverged greatly in sequence because the number of subgroups is much higher than other 
mammals. The number of subgroups in the T. m. latirostris TR loci are more similar to 
other mammals despite having more pseudogenes. The complexity of the genomic 
organization of the TR loci or the intricate epigenetic factors that regulate V segment 
chain-specificity in the TRAD locus may help maintain the locus as a whole. Therefore, 
the pseudogenes maintain subgroup similarity, even when the sequence is not being 
maintained by selection.  
 
4.3. Immunoglobulin quirks 
4.3.1. IgM mutation rate 
 IgM is the first constant region subclass to be expressed in the naïve B cell. The 
rates of SHM are typically lower for IgM and IgD than the classes that require CSR 
because both occur after antigen recognition. Some BCR will not undergo CSR after 
antigen recognition, so SHM does occur in IgM transcripts for affinity maturation. In 
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human, the IgM mutation rate is 3.43% (±0.99%), whereas the mutation rate for IgA, the 
most 3’ constant region class, has a mutation rate of 8.22% (±1.08%) (Kitaura et al. 
2017). The T. m. latirostris IgM mutation rate is 4.31% (±2.0%), which is significantly 
higher than the human IgM mutation rate (p=0.0001), but not as high as IgA. The higher 
mutation rate could be due to increased AID activity to compensate for low IgHV 
segment diversity. Alternatively, the increased mutation rate could be a result of primary 
repertoire mutation, which occurs in cattle and sheep (Jenne et al. 2006). We do not 
currently have enough data to say with confidence the cause of the increased mutation 
rate compared to human. Additional sequencing of the other Ig constant region class 
transcripts would clarify whether the other classes are similar to human and IgM is 
exceptionally high or if all the classes have increased mutation rates. It would also be 
interesting to compare the IgM mutation rates for the elephant to see if it is a general 
afrotherian trait, and with cattle and sheep to see if it is a possible indicator for primary 
repertoire mutation.  
 
4.3.2. IgA protein isolation and transcriptional expression 
 In the Loxodonta africana IgH locus, the scaffold ends after IgG8, with IgG9 
identified on another scaffold (Guo et al. 2011). Therefore, there is no genomic evidence 
for a functional IgA in L. africana. Additionally, IgG is the only class that has been 
isolated from L. africana serum; neither IgM nor IgA could be detected (Kelly et al. 
1998). In T. m. latirostris, IgG is also the only class that has been isolated from either 
serum or milk (McGee 2012). At the time of this finding, the T. m. latirostris genome 
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was not available, so genomic evidence of a functional IgA gene could not be 
determined. However, we not only identified a functional IgA class in the T. m. 
latirostris genome, but we also sequenced seven apparently functional IgA transcripts 
that had evidence for SHM out of our eight 3’ RACE transcripts using V-specific 
forward primers and an oligo dT reverse primer, so there was no primer bias toward the 
constant region. Therefore, T. m. latirostris likely uses a functional IgA protein that has 
escaped detection. The anti-IgG antibodies from all mammalian species tested (dog, 
cattle, camel, horse, seal, and cat) were cross reactive with L. africana IgG, but anti-IgA 
antibodies from other mammalian species had no cross-reactivity with L. africana IgA  
(Kelly et al. 1998). There may possibly be a feature of the afrotherian IgA that makes it 
difficult to isolate using typical methods. There is a cysteine in the C1 domain and a 
glycosylation site in the C2 domain of the T. m. latirostris IgA that is not seen in any 
other mammal, which could alter folding or glycosylation patterns and make other 
species' anti-IgA antibodies ineffective (Figure A5). Future attempts at IgM and IgA 
isolation may be improved with the genomic and expression data now available.  
 
4.3.3. Comparing L. africana and T. m. latirostris IgH 
 The African elephant (L. africana) is the closest living relative to T. m. latirostris 
to have an assembled genome available. It is also the only other afrotherian to have had 
their IgH locus characterized (Guo et al. 2011). Interestingly, these two species have 
very different IgH loci. While both species have approximately the same number of total 
IgHV segments (L. africana has 112, T. m. latirostris has 139), L. africana has many 
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more functional IgHV with 51, while T. m. latirostris has only 13 functional IgHV. This 
gives T. m. latirostris a much higher proportion of pseudogenes (90.6%) than L. africana 
(54.5%), but both species have high pseudogene proportions compared to other 
mammalian species. Not only does L. africana have more functional IgHV segments, but 
it also has all three IgHV clans represented, where T. m. latirostris is missing clan III. 
Loxodonta africana has twice as many IgHD segments (87) as T. m. latirostris (48), but 
both high IgHD segments compared to most other mammals, with the exception of 
guinea pig (41) and horse (40). Both species have a truncated IgD constant region 
pseudogene remnant, but are vastly different in their IgG constant regions. Loxodonta 
africana has nine IgG subclasses encoded in the genomic scaffolds, while T. m. 
latirostris only has one. The IgE and IgA constant regions are not included in the L. 
africana assembly, so they cannot be readily compared, but there is a possibility of more 
IgG subclasses not included in the assembly, while that possibility is less for T. m. 
latirostris since the constant regions are all assembled on one scaffold. Despite sharing a 
common afrotherian ancestor 65 million years ago, the IgH loci of manatee and elephant 
are very different, which highlights the dynamic nature of this locus. 
 
4.4. Comparison of sequencing technology 
 Although Sanger sequencing is an older technology, it is still a useful tool to 
complement the high-throughput of next generation sequencing. We used Sanger 
sequencing to validate primers before we moved on to the more expensive next 
generation sequencing. Sanger sequencing is useful because it is cheap, high quality, and 
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you can use the chromatograms to validate any discrepancies in you sequences. 
However, the output rate is low and the VDJ rearranged transcripts require cloning, 
which can take 3-4 days for a handful of sequences. Therefore, while it is still a useful 
tool, it has its limits. 
 The VDJ rearranged transcripts require long read next generation sequencing. 
The CDR3 regions are highly variable and are flanked by highly similar sequences of the 
V and J regions. Therefore, it is difficult to assemble each transcript with confidence 
using short read assembly. The Ig chains also have the added complication of SHM, and 
it is important for the V segment to be sequenced as one read to accurately be able to 
calculate mutation rates. We attempted to use two long read sequencing technologies: 
PacBio and MinION. 
 The PacBio single molecule, real-time (SMRT) sequencing is ideal for VDJ 
transcripts. During the library preparation, hairpin adaptors are ligated to each sequence 
so that the polymerase will repeatedly amplify the sequence in a circle. This results in a 
linear read that alternates from the sense strand to the anti-sense strand of the same 
transcript with the adaptor sequences interleaved. This circular consensus sequencing 
allows the individual passes of the transcript to be aligned and compared so that the most 
frequent nucleotide at each position is considered correct. This increases the accuracy 
compared to one polymerase pass for each transcript. The majority of the inaccuracy lies 
in homopolymer runs that are easily corrected when aligning the transcripts to the 
genomic segments. However, there are some drawbacks to the PacBio system. The 
sequencing machines are large and expensive; the Sequel is approximately $350,000, 
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which is much cheaper than its predecessor, the RS II at $700,000. The cost and size of 
the machine make this a difficult purchase for individual labs or universities. There are 
relatively few machines in the country that receive samples from thousands of 
researchers. This has caused a bottleneck in the output of data from these few facilities, 
so the wait list times can be anywhere from one to eight months. These wait times are 
what prevented us from sequencing more individuals and constant region classes for IgH 
and from getting more sequences from individuals that were poorly represented in the 
TR chains, particularly the TRG transcripts. This wait time is what drove us to try the 
minION. 
 The minION is a third generation sequencer that became available to the public 
in 2014. Rather than using a polymerase-based approach to determine the sequence, it 
relies of the variable shapes of all the sequence combinations possible of a certain 
nucleotide length, or k-mers. Each well has one nanopore bound to a membrane. 
Electrical current only flows through the pore and is detected on the other side. When 
DNA flows through the pore, the current is deflected. The different shapes of the 
different nucleotide k-mers deflect the current in distinguishable patterns, so the output 
is a graph of the changes in the voltage as the DNA runs through the pore. The voltage 
graph is then decoded based on the k-mer signatures and the sequence of each transcript 
can be determined. Other sequencing technologies that use polymerases are limited to 
how long the polymerase can stay active on the transcript. However, without a 
polymerase, the sequence length limiting factor for the minION is the length of DNA 
that can go through the extraction and library prep protocols without being sheared. 
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Another benefit of the minION is the price: the starter pack is $1000, which includes the 
sequencer and two flow cells. The sequencing machine is small and can run through the 
USB port of your desktop. This allows individual researchers to have their own 
sequencing machine, perform their own library prep and run the machine the same day. 
This removes the wait time you have with PacBio. However, this technology is not 
perfect. The accuracy is much lower than PacBio SMRT sequencing, especially for short 
amplicons. The base-calling software is designed for over 1 kb reads, but the VDJ 
amplicons we used were 500-1,000 bp. While we were able to identify the V, J, and C 
regions of the transcripts, we could not assign specific V segment identity with 
confidence because there were many mismatches and large deletions in the sequences. 
The CDR3 was therefore completely unreliable; we could not know if the length or the 
reading frame was accurate. Therefore, this sequencing technology is not yet appropriate 
for antigen receptor repertoire analysis.  
 The minION does have good applications for genome sequencing, especially in 
the highly repetitive immune loci that confound short read assemblies. We attempted to 
use the minION to assemble the T. m. latirostris TRG locus that was poorly assembled 
in the short read assembly. However, each flow cell gave us approximately 1X coverage 
of the genome, which is not adequate for a genome assembly or existing scaffold 
extension using the PBJelly2 program. It was outside our scope to use enough flow cells 
to get the approximately 30X coverage we would need. 
 No matter which next generation or third generation sequencer you use, there are 
some challenges. These technologies create a lot of data, which is a double-edged sword. 
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These large datasets are difficult to analyze and require expensive data storage tools. The 
minION is particularly difficult because you need to store the raw data and the base-
called data. Servers and hard-drives are a necessity. There are also many software 
packages that perform similar tasks, so determining which program is appropriate for 
you dataset can be difficult. Typically, the same dataset can be put through several 
programs to see which one creates the highest quality output. However, this requires 
more data storage and assessing assembly quality is not always straightforward. There 
are still difficulties in using next generation sequencing, but it is an essential tool for 
antigen receptor repertoire analysis.  
 
4.5. Future directions 
4.5.1. Ongoing projects 
 There are several projects that are still ongoing with our collaborators in Brazil 
that I will continue to be involved in. One of Dr. Cruz-Schneider’s PhD students, Tatiana 
Maia, did research in our lab as part of her Doctoral Sandwich Program Abroad. She is 
completing work on a population study of toll-like receptor 4 (TLR4) and TLR8 in T. 
inunguis and the Brazilian T. m. manatus population. She is also completing the 
characterization of the T. m. latirostris Igκ and Igλ chains that I started. One of Dr. 
Sena’s students, André Sá, is currently working on the MHC locus organization in 
Afrotheria, in which I contributed the Class I region. He is also working on a population 
diversity study of the DQB gene in both T. inunguis and T. manatus, in which I did 
direct sequencing and cloning of alleles in several individuals.  
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 We are also working with Dr. Luis Hurtado and his postdoc, Dr. Isabel 
Caballero, at Texas A&M to utilize a new sequencing technique and bioinformatics 
pathway, TIR2GO, to sequence ~600 immune-related gene exons in multiple 
individuals. This process uses 120 bp probes with 60 bp overlaps to target the sequence 
of our genes of interest, which allows us to sequence the various alleles of many genes in 
many individuals in a more time and cost effective manner than individual direct 
sequencing or cloning. These sequences will allow us to perform population genetics 
analysis in a manner that is more informative than a single nucleotide polymorphism 
(SNP) chromatin immunoprecipitation (ChIP) analysis. It will also allow us to capture 
MHC diversity, which is difficult through traditional methods because of the polygenic 
and polymorphic nature of the genes.  
 
4.5.2. γδ T cell proportions 
 The γδ T cell is the least studied of the three adaptive lymphocytes. There are 
several factors that have caused this cell type to be undervalued. The αβ T cell and genes 
were discovered in the pursuit of discovering the mechanism for a certain function, so 
there was a drive to determine the function of αβ T cells (Chien et al. 1984; Hedrick et 
al. 1984). Conversely, the γδ T cells and genes were discovered without the context of 
function. There are also more severe consequences for an αβ T cell-deficient mouse than 
a γδ T cell-deficient mouse, so their role seems less important (Fujihashi et al. 1996; 
Roberts et al. 1996). Finally, they are a small proportion of circulating lymphocytes in 
human and mouse, which makes them seem less important than the more abundant αβ T 
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cells (Groh et al. 1989). However, γδ T cells are a complex and important component of 
the immune system that require more attention to be fully understood.  
Many γδ T cell subsets use specific V and J segments for both TR chains. Some of the 
subsets are important in development because their lack of MHC-restriction allows them 
to mature faster than αβ T cells. These early developing γδ T cells are distinguishable 
because they do not contain N and P nucleotides due to the inactive state of TdT during 
this time. Their lack of MHC-restriction also allows the γδ T cells to respond to infection 
faster than αβ T cells in an adult and are often the source of IL-17 (Cai et al. 2011; 
Ferrick et al. 1995). Several subsets have been identified in the adult mouse that are 
tissue specific, such as the epidermis, lungs, reproductive tract, intestines, and serum. 
Although γδ T cells seem to have limited combinatorial diversity compared to αβ T cells, 
they have complex tissue-specific phenotypes. Their phenotypic diversity adds 
confusion to defining their functional role in the immune system.  
While there is still much to be discovered about the γδ T cells in human and 
mouse, even less is known about their role in γδ-high species such as cattle, sheep, and 
chicken. These species have higher proportions of circulating lymphocytes in adults 
(Hein and Mackay 1991; Sowder et al. 1988).  Their receptors are also more diverse 
within tissue types compared to the invariant expression in human and mouse. Very little 
is known about the functional consequences of the increase in diversity and abundance 
in these species. Additionally, many species γδ T cell proportion is unknown, so it is not 
clear whether human and mouse are the rule or the exception.  
 133 
 
The reason for this gap in knowledge is the method used to determine γδ T cell 
proportions. Flow cytometry is a sensitive, accurate method to determine cell 
proportions in tissue based on fluorescent-tagged antibodies to cell-specific protein 
markers. This method is the most reliable for species that have the developed reagents. 
However, this is not a realistic method for species that are not clinically or agriculturally 
relevant. Developing species-specific antibodies is expensive and takes time. It also 
requires access to fresh tissue, which is difficult for location-restricted and endangered 
species. The tissue needed for flow cytometry also needs to be fresh, which can be 
difficult when you have to travel to collect samples and have to transport the samples a 
long distance from the collection site. For manatees specifically, it takes a large team of 
veterinarians and biologists to capture the manatee, bring it on shore, and take samples 
before the manatee needs to go back into the water. It is a difficult process that requires 
permits and planning, and there are many researchers that are interested in this limited 
resource. However, PBLs can be collected relatively easily and can be stored and 
shipped and still used for sequencing. By performing single cell RNA sequencing 
(scRNAseq), we can get a relative proportion of the αβ/γδ ratio in the peripheral blood, 
as well as uncovering αβ and γδ chain pairings that are not detectable by general 
repertoire sequencing.  
 The lack of knowledge about the γδ T cells and their complex regulation has lead 
me to pursue this particular topic in my postgraduate career. I have obtained a postdoc 
position in Dr. Chien’s lab at Stanford University to study the role of the γδ T cells in the 
immune response using the mouse model. This will allow me to elevate my 
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immunogenetics knowledge and expertise to determine functional outcomes of the γδ T 
cells that are not yet possible to study in the manatee.  
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APPENDIX  
FIGURES 
Figure A1. Comparative Alignment of Igμ Constant Region. 
 
            Reprinted with permission from Breaux, B. et al, 2017. Copyright by Elsevier. 
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Figure A2. Comparative Alignment of Igδ C3 domain. 
 
    Reprinted with permission from Breaux, B. et al, 2017. Copyright by Elsevier. 
 
 
Figure A3. Comparative Alignment of Igγ Constant Region. 
 
  Reprinted with permission from Breaux, B. et al, 2017. Copyright by Elsevier. 
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Figure A4. Comparative Alignment of Igε Constant Region. 
 
    Reprinted with permission from Breaux, B. et al, 2017. Copyright by Elsevier. 
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Figure A5. Comparative Alignment of Igα Constant Region. 
 
  Reprinted with permission from Breaux, B. et al, 2017. Copyright by Elsevier. 
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Figure A6. DH Families. 
 
 
 
   Reprinted with permission from Breaux, B. et al, 2017. Copyright by Elsevier. 
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Figure A7. JH Alignment. 
 
     Reprinted with permission from Breaux, B. et al, 2017. Copyright by Elsevier. 
 
 
 
Figure A8. Expressed IgH Transcripts by V Segment. 
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Figure A8 Continued 
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Figure A8 Continued 
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Figure A8 Continued 
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Figure A8 Continued 
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Figure A8 Continued 
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Figure A8 Continued 
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Figure A8 Continued 
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Figure A8 Continued 
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Figure A8 Continued 
 
 
 
   Reprinted with permission from Breaux, B. et al, 2017. Copyright by Elsevier. 
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Figure A9 
 
Figure A9. TRAV IMGT Numbering. IMGT protein display of the T. m. latirostris TRADV segments. The strand and loops are 
defined by the IMGT numbering system for a V-DOMAIN and are indicated above the sequences. Conserved cysteines are in 
pink, the conserved tryptophan (W) and hydrophobic amino acid motifs are in blue, and the N-linked glycosylation sites are in 
green. Framework regions are in black and the CDR regions are in red. The first column indicates the T. m. latirostris TRADV 
subgroup each V segment belongs to, the second column indicates expression with the TRA/TRD constant region, and the third 
column indicates the individual V segment number. Reprinted with permission from Breaux, B. et al, 2018. Copyright by Elsevier. 
      
 
 
Figure A10
 
Figure A10. TRDV IMGT Numbering. IMGT protein display of the T. m. latirostris TRDV segments. The strand and loops are 
defined by the IMGT numbering system for a V-DOMAIN and are indicated above the sequences. Conserved cysteines are in 
pink, the conserved tryptophan (W) and hydrophobic amino acid motifs are in blue, and the N-linked glycosylation sites are in 
green. Framework regions are in black and the CDR regions are in red. The first column indicates the T. m. latirostris TRDV 
subgroup each V segment belongs to, the second column indicates expression TRD constant region, and the third column indicates 
the individual V segment number. Reprinted with permission from Breaux, B. et al, 2018. Copyright by Elsevier. 
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Figure A11
 
 
Figure A11. TRAJ Alignment. Amino acid alignment of the T. m. latirostris TRAJ segments. The FGXG motif is highlighted 
in grey. TRAJ segment identifiers that are bolded represent TRAJ segments found in expressed transcripts, identifiers that are 
red represent pseudogene TRAJ segments. Dots represent identity to the first sequence and dashes represent gaps in the 
alignment. Reprinted with permission from Breaux, B. et al, 2018. Copyright by Elsevier. 
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Figure A12
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Figure A12 Continued 
 
 
Figure S4. TRDD CDR3 Alignment. Nucleotide alignment of the expressed CDR3 regions (excluding the V and J germline 
sequence) to the germline TRDD1 sequence. Each sequence is identified by the TRADV segment used in that transcript, a 
number to differentiate transcripts within an individual that use the same TRADV (T), and the individual the transcript was 
sequenced from (141X). Dots represent identity to the germline TRDD1, and the dots highlighted in green are the CDR3 
sequence most likely contributed by the TRDD1. Reprinted with permission from Breaux, B. et al, 2018. Copyright by Elsevier. 
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Figure A13 
 
Figure A13. TRBV IMGT Numbering. IMGT protein display of the T. m. latirostris TRBV segments. The strand and loops are 
defined by the IMGT numbering system for a V-DOMAIN and are indicated above the sequences. Conserved cysteines are in 
pink, the conserved tryptophan (W) and hydrophobic amino acid motifs are in blue, and the N-linked glycosylation sites are in 
green. Framework regions are in black and the CDR regions are in red. The first column indicates the T. m. latirostris TRBV 
subgroup each V segment belongs to, the second column indicates expression TRB constant region, and the third column indicates 
the individual V segment number. Reprinted with permission from Breaux, B. et al, 2018. Copyright by Elsevier. 
 
 
Figure A14
 
 
Figure A14. TRBJ Alignment. Amino acid alignment of the T. m. latirostris TRBJ segments. The FGXG motif is 
highlighted in grey. Dots represent identity to the first sequence and dashes represent gaps in the alignment. Reprinted with 
permission from Breaux, B. et al, 2018. Copyright by Elsevier. 
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Figure A15 
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Figure A15 Continued
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Figure A15 Continued 
 
 160 
 
Figure A15 Continued 
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Figure A15 Continue
 
 
Figure S7. TRBD CDR3 Alignment. Nucleotide alignment of the expressed CDR3 regions (excluding the V and J germline 
sequence) to the germline TRBD sequences. Each sequence is identified by the TRBV and TRBJ segment used in that 
transcript, a number to differentiate transcripts within an individual that use the same TRBV/TRBJ (T), and the individual the 
transcript was sequenced from (141X). Sequence names in red indicate sequences that were inter-cluster rearrangements 
(TRBD1 to cluster 2 TRBJ or TRBD2 to cluster 1 TRBJ). Dots represent identity to the germline TRBD, the dots highlighted in 
blue are CDR3 sequence most likely contributed by the TRBD1, and the dots highlighted in green are CDR3 sequence most 
likely contributed by the TRBD2. Reprinted with permission from Breaux, B. et al, 2018. Copyright by Elsevier. 
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Figure A16 
 
Figure A16. TRGC Comparative Alignment. Amino acid alignment of the TRG constant region from different species. 
Cysteine residues are highlighted in yellow, N-linked glycosylation sites are highlighted in grey, and the CART motif residues 
are highlighted in purple. Dots represent similarity to the T. m. latirostris sequence and dashes represent gaps introduced to 
make the alignment. Reprinted with permission from Breaux, B. et al, 2018. Copyright by Elsevier. 
 
 
Figure A17 
 
 
Figure S9. TRGV IMGT Numbering. IMGT protein display of the T. m. latirostris TRGV segments. The strand and loops are 
defined by the IMGT numbering system for a V-DOMAIN and are indicated above the sequences. Conserved cysteines are in 
pink, the conserved tryptophan (W) and hydrophobic amino acid motifs are in blue, and the N-linked glycosylation sites are in 
green. Framework regions are in black and the CDR regions are in red. The first column indicates the T. m. latirostris TRGV 
subgroup each V segment belongs to, the second column indicates expression TRG constant region, and the third column indicates 
the individual V segment number. Reprinted with permission from Breaux, B. et al, 2018. Copyright by Elsevier. 
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Figure A18 
 
Figure S10. TRGJ Alignment. Nucleotide and amino acid alignment of the T. m. latirostris TRGJ segments. The FGXG 
motif is highlighted in grey. Dots represent identity to the first sequence and dashes represent gaps in the alignment. Reprinted 
with permission from Breaux, B. et al, 2018. Copyright by Elsevier. 
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Figure A19 
 
Figure A19. TRADV Phylogenetic Relationships. A maximum-likelihood tree based on the General Time Reversible model 
including human and manatee TRADV segments. Branch lengths are measured by number of substitutions per site, as indicated by 
the scale. Topology support from bootstrap replications are indicated at each node. Reprinted with permission from Breaux, B. et al, 
2018. Copyright by Elsevier. 
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Figure A20 
  
 
Figure A20. TRBV Phylogenetic Relationships. A maximum-likelihood tree including human and manatee TRBV segments. 
Branch lengths are measured by number of substitutions per site, as indicated by the scale. Reprinted with permission from Breaux, 
B. et al, 2018. Copyright by Elsevier. 
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Figure A21 
  
 
 
Figure A21. TRGV Phylogenetic Relationships. A maximum-likelihood tree including human and manatee TRGV segments. 
Branch lengths are measured by number of substitutions per site, as indicated by the scale. Reprinted with permission from Breaux, 
B. et al, 2018. Copyright by Elsevier. 
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Figure A22 
 
 
Figure A22. IgHV subgroup order comparison between human and T. m. latirostris. Each square represents a V segment in 
the order that they appear in the IgH locus. The color of each square corresponds to the human (Hs) V segment subgroup (75% 
nucleotide identity) shared between human and T. m. latirostris, as indicated by the key. Subgroups without a color designation 
are not shared between the species. No subgroup patterns were observed between the two species.  
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Figure A23 
 
Figure A23. Eutherian mammal phylogenetic groups are not consistent with addition of T. m. latirostris. This maximum 
likelihood contains the TRADV from human, mouse, cattle, and T. m. latirostris. The colored clades represent the four groups that 
the Connelley, T. et al. 2014 manuscript divdes the eutherian TRADV sequences into: group 1 is in pink, group two is in light blue, 
group tree is in lime green, and group 4 is in red. The node statistics are based on 100 bootstrap replicates.  
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Figure A24 
 
 
Figure A24. Recreation of Monodelphis domestica TRADV phylogeny. This maximum likelihood tree contains the TRADV 
segments from human, mouse, cow, rabbit, chicken, and M. domestica used in the Parra, Z. et el. 2008 manuscript, as well as the T. 
m. latirostris TRADV segments. Clades are colored based on the groups determined by the Parra, Z. et al. 2008 manuscript: group A 
is in red, groups B is in lime green, group C is in pink, group D is in light blue, group E is in orange, group F is in light purple, group 
G is in dark blue, and group H is in dark green. Black lines represent sequences that did not fall out into one of the major groups. 
Bootstrap values are shown at the major nodes of these groups.  
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Table A1 
 
Table A1. IgH Primers and PCR Conditions. Reprinted with permission from Breaux, B. et al, 2018. Copyright by Elsevier. 
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Table A2
 
Table A2. IgH Pseudogene Determination. Reprinted with permission from Breaux, B. et al, 2018. Copyright by Elsevier. 
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Table A3 
 
Table A3. IgH Accession Numbers. Reprinted with permission from Breaux, B. et al, 2018. Copyright by Elsevier. 
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Table A4 
 
Table A4. TR Primers and PCR Conditions. Reprinted with permission from Breaux, B. et al, 2018. Copyright by Elsevier. 
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Table A5 Continued 
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Table A5 Continued 
 
 178 
 
Table A5 Continued 
 
 179 
 
Table A5 Continued
 
Table A5. TR Gene Segment Genomic Scaffold Positions. Reprinted with permission from Breaux, B. et al, 2018. Copyright 
by Elsevier. 
